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SUMMARY
Many essential processes and interactions on atomic and molecular scales occur at
ultrafast timescales. The ability to measure and manipulate ultrashort pulses hold the
key to probing and understanding these key processes that physicists, engineers, chemists
and biologists study today. Measuring ultrashort pulses means that we measure both the
intensity (which is a function of time) and the phase of the pulse in time. Or alternately
we might measure spectrum and spectral phase (in the corresponding Fourier domain). In
the early 1990’s, the invention of FROG opened up the field of ultrashort measurement
with it’s ability to measure the complete pulse. Since then, there have been a whole host
of pulse measurement techniques that have been invented to measure all sorts of ultrashort
pulses. However, no variation of FROG nor any other fs pulse measurement technique, for
that matter, has yet been able to completely measure arbitrary ultraweak femtosecond light
pulses such as those found in nature.
In this thesis, we will explore a couple of highly sensitive methods in a quest to mea-
sure ultraweak ultrashort pulses. We explore the use of Spectral Interferometry, a known
sensitive technique as one possibility. We find that it has certain drawbacks that make it
not necessarily suitable to tackle this problem. But in the course of our quest, we find that
this technique is highly suitable for measuring 10s of picosecond-long shaped pulses. We
discuss a couple of developments which make SI highly practical to use for such shaped
pulse-measurements.
We also develop a new technique which is a variation of FROG, based on the non-
linearity of Difference Frequency Generation and Optical Parametric Amplification, which
can amplify pulses as weak as a few hundred attojoules to be able to spectrally resolve
them and measure the full intensity and phase of these pulses. This technique offers great




Ultrafast (or ultrashort) laser pulses are the shortest events ever created. Although the
term typically refers to femtosecond (fs) pulses, it is now possible to generate and measure
attosecond (as) pulses - the next new frontier. Ultrashort pulses have large bandwidths,
as a consequence of the Heisenberg Uncertainty Principle. These pulses can be defined by
their electric fields as a function of space and time. They have both amplitude as well as
phase. Because they are squeezed into such short durations, even modest ultrashort pulses
(50 fs long with 1mJ average energy) have extremely large peak powers (' 20GW). During
one fs, visible light travels about 300 nm the distance of several thousand elementary cells
in a solid, a sizable distance in atomic scales.
Why do we care about ultrashort pulses and their measurement? Well, for one thing,
most essential processes and interactions on atomic and molecular scales occur at ultrafast
timescales. For instance, in the Hydrogen atom, the period of revolution of an electron in
a high Rydberg state of n = 10 is found to be 150 fs. Life-times of highly excited states in
molecules, electron-hole pair relaxation times are all ultrafast. Exotic biological processes
like photosynthesis, vision and protein-folding, to name a few, have events occurring on
fs timescales. Collisions in room temperature liquids, molecular vibrations, re-orientations
and other processes studied by chemists have fs signatures. Attosecond physics involves
sub-atomic distances and extremely intense energies.
The ability to measure and manipulate ultrashort pulses hold the key to probing and
understanding many key processes that physicists, engineers, chemists and biologists study
today.
What do we mean by ultrashort pulse measurement? We can use photo-detectors and
measure the average power of an ultrashort pulse. And we could use spectrometers and
measure its spectrum. But this does not mean that we have “measured” the ultrashort
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pulse. As we mentioned before, the electromagnetic field envelope is a complex quantity. It
is not just enough to know intensity (which is a function of time) but we require the phase of
the pulse in time, as well. Or alternately we might measure spectrum and spectral phase (in
the corresponding Fourier domain). A spectrum tells us what colors (or wavelengths) are
present in the ultrashort pulse. The phase tells us when or in what order the color occurred.
A very simplistic way of saying what this means is that this knowledge of spectrum and
phase can be used to track down the sequence of events occurring in the process under
study, when the light pulse was emitted.
Even as recently as the early 1990s, the problem of ultrashort pulse measurement was
an unsolved problem. Sure, intensity autocorrelators were used to “measure” the ultrashort
pulses. But since no shorter event than an ultrashort pulse was available, autocorrelators
used the pulse to measure itself. This resulted in getting a smeared out version of the
pulse. While this gave an idea of the pulse length, it was still susceptible to ambiguities and
errors. Despite this, intensity autocorrelators were the most common method of measuring
ultrashort pulses for over 25 years for lack of better methods, and is still used today by
some die-hard researchers.
Then in 1993, progress was suddenly made by the invention of Frequency-Resolved Opti-
cal Gating (FROG) [39, 38], a spectrally resolved version of the autocorrelator. An iterative
algorithm [40, 25] was used to extract a unique solution the only field that could have pro-
duced the measured signal. It was now possible to measure the complete time-dependent
electric field, that is, the time-dependent intensity and phase, of a single ultrashort laser
pulse in different sort of situations. Soon thereafter, variations of FROG were discovered
[38]. Complex pulses and pulses as short as 4.5 fs in length, could be measured using
FROG [1] or its variations. Even more interestingly, a pulse could be characterized by a
FROG-like technique and then used as a reference pulse for another technique, such as a
Cross-correlation FROG [28] or Spectral Interferometry [19] to measure a different pulse.
Pretty soon there was a glut of ultrashort pulse measurement techniques to measure all kinds
of exotic ultrashort pulses. This opened up fields of research and ideas that had not been
considered possible before. One such idea was to be able to measure arbitrary ultrashort
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light pulses. And not just any ultrashort pulses, but extremely weak - ultraweak, ultra-
short pulses. For, no variation of FROG nor any other fs pulse measurement technique,
for that matter, had yet been able to completely measure general ultraweak femtosecond
light pulses. That has been the goal of this study.
In this thesis, we will explore a couple of sensitive methods in a quest to measure
ultraweak ultrashort pulses.
First of all, in Chapter 2, I will discuss FROG in some detail and go on to talk about the
direction-of-time ambiguities in Second Harmonic Generation (SHG) FROG. This resulted
in a new modification of SHG FROG called the Procedure for Objectively Learning the
Kalibration And Direction Of Time (POLKADOT) FROG [45]. The technique involves
replacing the beam-splitter in a multi-shot FROG device with an etalon of known spacing.
Since the trailing pulses from the multiple pulse train generated in the etalon will always
be weaker than the first “direct” pulse, POLKADOT FROG eliminates the direction of
time ambiguity. As a slight modification, placing the etalon in the beam path before the
pulse enters the FROG device allows painless temporal and spectral calibration of even
single-shot FROG devices. In fact, POLKADOT FROG in this form is routinely used in
the calibration of Swamp Optics GRENOUILLEs and it is hoped that it is used in other
laboratories as well.
In Chapter 3, we will look into the first technique mentioned for measuring arbitrary
weak pulses. It is a technique called Spectral Interferometry that has been around since
the 1970s [20, 32], but was first demonstrated using a TADPOLE algorithm in 1995 by
Fittinghoff et. al [19]. This technique is a linear heterodyne technique which is extremely
sensitive, capable of measuring pulses as weak as 42 × 10−21 J. Initially, we tinker with
this technique and try to simplify its experimental set-up by making it alignment-free. We
show that even with a mis-alignment of as much as 32◦, we are still able to measure the
intensity and phase of a pulse accurately. We use a known double pulse as our test case
for this alignment-free spectral interferometric experiment. Next, we show that we can
perform the same spectral interferometric experiment by replacing the beam-splitter by
a 2 × 2 fiber-coupler and still extract the same information. This device would be very
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versatile and portable and could be used for a wide variety of pulses ranging from the few
femtosecond durations up to 10s of picosecond durations, depending on the spectrometers
available to measure such pulses. We will also discuss our brief exploration of using spectral
interferometry to study a general light pulse, the ultrafast fluorescence emitted by the laser
dye, Malachite Green and the problems we encountered in using this technique for such a
measurement which eventually led us to find a new technique to measure such pulses.
In Chapters 4 and 5, we will discuss a new variation of FROG, which we call Optical
Parametric Amplification Cross-correlation FROG (OPA XFROG) [48, 22] which showed
that it could overcome the drawbacks of Spectral Interferometry, while at the same time
providing extremely high sensitivity for measuring weak pulses. OPA XFROG is a non-
linear technique based on the process of parametric generation, during the 3-wave mixing
process of Difference Frequency Generation. During this process, the weak signal under
study experiences exponential gain [6, 35, 47], and can then be spectrally resolved in order
to measure its intensity and phase. Since this is a new variation of XFROG, we first show
the reliability of this technique by comparing it with a well known technique and then go
on to make measurements of pulses as weak as a few hundred attojoules. This technique is
slightly more sensitive than spectral interferometry and promises to be a suitable technique
to measure ultraweak spatially incoherent pulses. We go on to show that it is possible to
make simultaneous broadband measurements of these ultrashort pulses without having to
modify the phase-matching crystal angles. This makes OPA XFROG a very simple device
which can be made to measure extremely weak pulses in an automated manner.
Chapter 6 will contain conclusions and future directions on the various techniques dis-
cussed in this thesis.
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CHAPTER 2
FREQUENCY RESOLVED OPTICAL GATING AND THE
DIRECTION OF TIME AMBIGUITY
Sections of this chapter originally appeared as a paper by the author :
E. Zeek, A. P. Shreenath, P. O’Shea, M. Kimmel, and R. Trebino, “Simultaneous auto-
matic calibration and direction-of-time removal frequency-resolved optical gating,” Applied
Physics B-Lasers and Optics 74, S265-S271 (2002). [45]
2.1 A very brief summary to Frequency Resolved Optical
Gating
A decade ago, the measurement, characterization and representation of ultrashort laser
pulses was a challenging task. The problem was that the temporal length of the ultrashort
pulse was too short to use any of the conventional detection methods to measure its length.
Yet, the bandwidth of the pulse was so large that it was no longer just sufficient to measure
the intensity of the pulse - its phase had to be measured as well. Then, in the early 1990s,
a new technique was proposed to measure such pulses. The measurement took place in the
simultaneous time-frequency domain to result in a spectrogram of the pulse. From such a
spectrogram, the intensity and phase of the pulse could be retrieved easily. In this way, it
was possible to characterize the pulse completely. This technique was called Frequency
Resolved Optical Gating (FROG) [38, 39]. FROG relied on nonlinear optical properties
of material media for the above measurements.
In FROG, a nonlinear process is used to gate the unknown pulse in the time domain
with a time-delayed replica of the same pulse. The signal resulting from such a nonlinear
process is then spectrally resolved (usually with the help of a spectrometer) to result in the
FROG trace, which is, in fact a spectrogram. Unlike in a usual spectrogram (which requires
a known gate pulse), however in FROG, although the gate function may be unknown, it
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is still possible to extract the intensity - and more importantly, the phase of the pulse.
This is attributed to the existence of a unique solution to the problem of two-dimensional
phase-retrieval. This inversion problem is a well-known solved problem of phase-retrieval
in the field of image-science.
FROG is a general technique which can use nearly any fast nonlinear optical process for
its measurement. Due to its generality, it has been successful in measuring a wide variety
of pulses, in various ultrafast domains.
Interpretation of the FROG trace is extremely intuitive. The intensity and phase of a
pulse can be estimated just by looking at a FROG trace. However, FROG uses iterative
algorithms to rigorously measure the intensity and phase of a pulse. The iterative algorithms
are very fast, typically running over 100 iterations, in a matter of a few seconds. This is
typically all that is needed to get a good convergence. Newer inversion algorithms now
available commercially can even be used in real time to measure pulses.
The FROG retrievals of pulses are extremely accurate, so much so that the algorithm
actually quantizes the error in measurement. Typical pulse measurements have less than
0.5% error. This is possible because the FROG algorithm incorporates a feedback mech-
anism to check the validity of the measured data. The measured FROG trace contains N
× N measured points, grossly over-determining the net 2N intensity and phase points that
are needed for complete pulse characterization. Systematic errors in the measurement can
be detected if the algorithm does not converge and if the FROG error is large. These errors
can either be modelled into the FROG algorithm, or eliminated in the preprocess stage of
the retrieval [25].
Another powerful feedback mechanism in FROG is the capability of computing the
frequency and delay marginals of the trace. These marginals correspond to the measured
spectrum and autocorrelation of the pulse respectively. Direct comparisons between these
quantities can then be used to correct for and/or improve FROG retrievals.
As long as the pulse spectrogram is completely contained within the measured FROG
trace, it is possible to measure it completely with infinite temporal resolution. This is
because information from both the time and frequency domain are embedded in the FROG
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trace. The range in the time-domain offers long-time resolution of the pulse, while the range
in the frequency domain offers short-time resolution.
2.2 Second Harmonic Generation Frequency Resolved Op-
tical Gating
2.2.1 Introduction
The most common of FROG geometries is that of Second Harmonic Generation (SHG)
FROG [14, 17]. It has also been referred to sometimes in literature as “spectrally resolved
autocorrelation” - as SHG FROG involves spectrally resolving the output of a standard
SHG-based autocorrelator. The schematic for SHG FROG is given in figure (1).
The advantage of the SHG FROG geometry is that it is the most sensitive of FROG
geometries - since it involves only generating second-order nonlinearity as opposed to higher
order nonlinearities. The FROG signal in SHG FROG will therefore be much stronger for
a given input signal intensity. Pulses as weak as about 1picoJoule (pJ) energy can be
measured with this method.
The drawback with this geometry is that it results in a FROG trace is quite unintuitive.
Because the autocorrelation function is symmetric in time, the resulting SHG FROG is also
symmetric with respect to delay. This causes an ambiguity in the direction of time for the
pulse. That is, a pulse with complex amplitude E (t) will yield the same FROG trace as its
time-reversed replica E∗ (−t). Although undesirable, this ambiguity is typically removed
quite easily by making one additional measurement by distorting the pulse in some known
manner - such as adding positive dispersion by inserting a piece of glass into the beam. Only
one pulse out of E (t) or E∗ (−t) could possibly be consistent with both measurements. The
ambiguity is thus resolved.
2.2.2 Improving SHG FROG
Techniques such as FROG have made complete temporal measurement of ultrashort laser
pulses measurements - an unsolved problem only a decade ago - not only possible, but
also very straightforward. FROG is quite simple to implement compared to other pulse
















Figure 1: SHG FROG Device Schematic involving an autocorrelator followed by a spec-
trometer
further simplify its implementation as much as possible. On a practical basis the advantage
in doing this is that it would reduce sources for systematic errors in the measurements.
One vital task in building a FROG device is that of calibration of the relevant axes,
which is arduous in almost any technique and is always a source for errors. FROG mea-
surements are functions of both delay and frequency. Therefore increments of delay per
pixel and wavelength per pixel, respectively, must both be determined during calibration.
Mis-calibration of one or both axes can yield high retrieval errors with incorrect results.
Another task in improving SHG FROG is the removal of the ambiguity in the direction
of time, that was mentioned in the previous section. While most versions of FROG uniquely
determine the pulse, the pulse and its mirror image yield the same trace in SHG FROG,
so one must perform additional measurements to determine which pulse field is the true
solution. Although FROG contains checks and balances on all measurements, a method for
automatic calibration and the removal of this ambiguity would be welcome.
Here, we describe a simple and elegant method proposed and developed by our former
postdoctoral fellow, Dr. Erik Zeek, for simultaneously solving both of these problems.
Experimental verification of the technique was performed by the candidate. We called this
the Procedure for Objectively Learning the Kalibration And Direction Of Time
(POLKADOT) FROG. POLKADOT FROG can be implemented in a couple of different
ways. We discuss various geometries that solve these problems, including one that can be
turned on and off with a single knob.
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2.3 POLKADOT FROG
Consider the calibration problem first. Its solution was inspired by the FROG trace of a
double pulse, as shown in figure (2). The trace contains three islands of intensity, each
separated by a pulse separation, τsep, similar to an autocorrelation of a double pulse which
is shown as the delay marginal. In FROG, as opposed to autocorrelation, these islands are
frequency resolved. Moreover, in FROG the central island has fringes in frequency with a
separation of 1/τsep as illustrated in the frequency marginal. Thus, the pulse separation
determines the spacing of the main structure of the double-pulse FROG trace in both delay
and frequency axes.
Thus, by propagating a double pulse with known pulse spacing into a FROG we can
automatically extract the increments of both delay and frequency per pixel. This then
calibrates the FROG device.
This method works even when the pulse has structure to begin with, provided that the
separation of the double pulse is greater than the width of the individual pulses. Accord-
ingly, our solution involves generating a double pulse and identifying these islands and their
separation in the resulting trace. This can be done by simply placing an etalon of known
optical thickness in the beam path before the FROG device (see figure (3)). Of course, in
principle, an etalon produces an infinite train of pulses, but by using an etalon with suffi-
ciently low reflectivity, we can restrict the train to yield essentially one or two additional
pulses - all that is needed for calibration.
While the above solution is quite simple, a more elegant solution which came to mind
was to replace the usual beam splitter in the FROG device with an etalon (see figure (4)).
Here, the etalon’s front and back reflectivities must be carefully chosen in order to yield
identically shaped pulses in both arms of the FROG device, so that the usual pulse-retrieval
algorithm can operate effectively. This is because, the algorithm assumes that the shapes of
the two pulses are identical, even though the pulse energies may be different. Specifically,
the ratio of the first and second pulse energies in each pulse train should be the same. It
is easy to show (Appendix and reference) that this ratio will be the same for both arms as
long as the front surface has a 50% reflectivity. Interestingly, the back-surface reflectivity
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Figure 2: Double Pulse FROG Trace. This figure shows the SHG FROG trace for two
20-fs pulses separated by 200 fs (The pulse train is shown in the lower right-hand corner.).
The trace in the upper left shows the square root of the FROG intensity,
√
IFROG . Also
















Figure 3: FROG Device Schematic. A schematic layout of an SHG FROG device, showing
one of the two possible positions for the etalon in the POLKADOT FROG arrangement,















Figure 4: The second, more elegant, schematic layout of an SHG FROG device, showing
the etalon as a beam splitter in the POLKADOT FROG arrangement, which automatically
calibrates the device and removes the ambiguity in the direction of time.
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cancels out of this result and hence can be arbitrary. We chose a value of about 10% for the
back-surface reflectivity in our experiments in order to keep the number of additional pulses
in the train to a minimum. This also helped minimize the energy wasted in the process of
creating such pulse trains. For a back-surface reflectivity of 10%, the second pulse in each
arm has 5% of the energy of the initial pulse. Note that, despite the weak intensity of the
second pulse, the frequency fringes remain strong: their relative amplitude is given by the
geometric mean of the first and second pulse energies, which works out to 45% in the above
case.
Finally, for these values of the reflectivities, the third pulse will have an energy that is
0.25% of the first pulse and hence is negligible. (It does introduce slight fringes in the outer
islands, which can in fact be used to double check the calibration).
The beam-splitter replacement by the etalon also solves the direction-of-time ambiguity
in SHG FROG. The second pulse is necessarily weaker than the first, so it is impossible
to confuse the retrieved pulse with its weaker trailing pulse from its mirror image whose
weaker pulse leads the stronger one. An etalon has been used to resolve the direction of
time ambiguity previously, but POLKADOT FROG marks the use of an etalon as a beam
splitter in a pulse measurement device and also the use of an etalon in conjunction with an
autocalibration scheme.
POLKADOT FROG requires no change in the FROG pulse-retrieval algorithm. It
only requires a somewhat larger scan range (to see the extra islands) and a slightly better
spectral resolution (to resolve the spectral fringes). This increase in range/resolution is
not significant, as it is not necessary to accurately acquire the details in the wings of the
additional islands or in the spectral fringes, but instead only to find their separations.
2.4 Autocalibration using POLKADOT FROG
For the purpose of automatic calibration using the etalon, a simple code was written to
find the peaks in the trace. This code does not require the use of the entire FROG trace.
Instead, it simply requires computing the frequency and delay marginals. These marginals
are, of course, the integrals of the trace with respect to delay and frequency respectively.
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The code used a simple peak-finding routine to obtain an initial guess of the peak locations
which were then curve-fitted to a sum of Gaussians. The functional form of the equation is:







where a+bτ accounts for a flat background with perhaps some slope, cj is the amplitude
of a Gaussian peak, xj is the center of the peak, and wj is the width of the peak. Also
included is a background Gaussian peak, with the cback, xback and wback parameters. This
Gaussian takes into account possible pulse-shape variations and insufficient resolution. This
is especially important for the frequency marginal, which has small peaks atop a large
peak. The important information in this equation is contained in the xj parameters. These
parameters define the centers of the peaks, and contain the information needed to calibrate
the FROG traces. Of course, only once such peak is necessary in each direction, but two or
even four or more yield statistical data, which can be fitted for even better results.
Given the peak centers, it was then a simple matter to calculate the calibrations of the





Here τsep was the peak-to-peak separation in time and Sτ ,the peak-to-peak separation





Here, λ0 was the center wavelength of the delay marginal, Sλ, the peak separation in
wavelength, and c - the vacuum speed of light. The Sλ used in these experiments is the
average separation. For very broadband pulses, this is not an exact solution; the separation
is constant in frequency, not wavelength. When the bandwidth is small, this effect is
not significant. The center wavelength, λ0, must be determined through an independent
method, although halving the fundamental’s center wavelength is probably sufficient for
most purposes.
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FIGURE 3 POLKADOT FROG Trace. This is the
√
IFROG of an SHG
FROG trace using a 50% / 10% etalon as a beam splitter as described in the
text
FIGURE 4 Delay Marginal (equal to the pulse intensity autocorrelation).
The delay marginal has peaks separated by the pulse separation. The fit of
Function (1) to the marginal is also shown
where λ0 is the center wavelength of the delay marginal, Sλ is
the peak separation, and c is the speed of light. The Sλ used in
these experiments is the average separation. For very broad-
band pulses, this is not an exact solution; the separation is
constant in frequency, not wavelength. When the bandwidth is
small, this effect is not significant. The center wavelength, λ0,
must be determined through an independent method, although
halving the fundamental’s center wavelength is probably suf-
ficient for most purposes.
FIGURE 5 Frequency Marginal (equal to the autoconvolution of the spec-
trum). The frequency marginal has peaks separated by the reciprocal of the
pulse separation. The fit of Function (1) to the marginal is also shown
Figure 5: POLKADOT FROG Trace. This is the
√
IFROG of n SHG FROG trace using
a 50%/10% etalon as a beam splitter as described in the text.
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We also tested POLKADOT FROG using an SHG FROG device in which we replaced
the usual beam splitter with a 26.8-µm etalon having a 50% first surface reflectivity and
a 10% second-surface reflectivity, as mentioned. The etalon was air spaced, and the two
windows were each 5mm thick. (It is interesting to note that the etalon beam splitter
balances the dispersion of both arms. Since the reflective surface is at the center of the
beam splitter, all pulses traverse the same amount of glass, and there is no need for a
compensation plate in either arm.) This etalon yielded pulses separated by 179 fs. The
etalon spacing was itself easily calibrated by measuring the spectrum of light transmitted
through it and using the same formula as above for the fringe spacing. To measure this, we
used a commercial spectrophotometer, a Varian Cary 500 Scan, and fit the peaks using a
simple LabVIEW code.
The SHG FROG device in these experiments used a 100-µm thick KDP crystal and a
beam angle of 5◦. The delay was stepped using a Newport MFN25PP translation stage
and ESP 300 controller. The spectrometer was an Acton Research Spectra Pro 150 with a
1200 gr/mm grating. An Oriel Instaspec II pda camera was used to acquire the spectra.
We deliberately used a somewhat distorted pulse whose FROG trace obtained using
POLKADOT FROG is shown in figure (5) which clearly shows one pair of additional islands.
The marginals for the FROG trace are shown in figure (6) (the delay marginal) and figure
(7) (the frequency marginal). Fitting Eq. (1) to each set of marginals, we determined the
peak locations, as shown in figure (8). The fitting was performed by Matlab code developed
for this purpose. For both marginals, we were able to obtain more than one set of additional
peaks. Using a simple linear fit, we determined the average spacing between the peaks. For
the delay marginal, the spacing was 51.6±0.2 pixels and for the frequency marginal, the
spacing was 28.9±0.5 pixels. This yielded a temporal calibration of 3.47±0.01 fs/pixel and
a frequency calibration of 0.106±0.002 nm/pixel, using 405 nm as the center wavelength.
Both axes were also calibrated through more traditional means. The delay calibration was
read directly from the encoder on the translation stage. The step size was 0.518 µm, which
yields a temporal spacing of 3.46 fs/pixel. The spectrometer was calibrated using a Kr-
vapor lamp. By fitting several spectral lines, the spacing was found to be 0.1067 fs/pixel.
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the marginals to a sum of Gaussians. The functional form of
the equations is
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some slope, cj is the amplitude of a Gaussian peak, xj is the
center of the peak, and wj is the width of the peak. Also in-
cluded is a background Gaussian peak, with the cback, xback,
and wback parameters. This Gaussian takes into account pos-
sible pulse-shape variations and insufficient resolution. This
is especially important for the frequency marginal, which has
small peaks on top of a large peak. The important informa-
tion in this equation is contained in the xj parameters. These
parameters define the centers of the peaks, and contain the in-
formation needed to calibrate the FROG trace. Of course, only
one such peak is necessary in each direction, but two or even
four or more yield statistical data, which can be fitted for even
better results.
Given the peak centers, it is a simple matter to calculate
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FIGURE 3 POLKADOT FROG Trace. This is the
√
IFROG of an SHG
FROG trace using a 50% / 10% etalon as a beam splitter as described in the
text
FIGURE 4 Delay Marginal (equal to the pulse intensity autocorrelation).
The delay marginal has peaks separated by the pulse separation. The fit of
Function (1) to the marginal is also shown
where λ0 is the center wavelength of the delay marginal, Sλ is
the peak separation, and c is the speed of light. The Sλ used in
these experiments is the average separation. For very broad-
band pulses, this is not an exact solution; the separation is
constant in frequency, not wavelength. When the bandwidth is
small, this effect is not significant. The center wavelength, λ0,
must be determined through an independent method, although
halving the fundamental’s center wavelength is probably suf-
ficient for most purposes.
FIGURE 5 Frequency Marginal (equal to the autoconvolution of the spec-
trum). The frequency marginal has peaks separated by the reciprocal of the
pulse separation. The fit of Function (1) to the marginal is also shown
Figure 6: Delay Marginal (equ l to the pulse intensity autocorrelation). The delay
marginal has peaks separated by the pulse separation. The fit of Function (1) to the
marginal is also shown.
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where a + bτ accounts for a flat background with perhaps
some slope, cj is the amplitude of a Gaussian peak, xj is the
center of the peak, and wj is the width of the peak. Also in-
cluded is a background Gaussian peak, with the cback, xback,
and wback parameters. This Gaussian takes into account pos-
sible pulse-shape variations and insufficient resolution. This
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small peaks on top of a large peak. The important informa-
tion in this equation is contained in the xj parameters. These
parameters define the centers of the peaks, and contain the in-
formation needed to calibrate the FROG trace. Of course, only
one such peak is necessary in each direction, but two or even
four or more yield statistical data, which can be fitted for even
better results.
Given the peak centers, it is a simple matter to calculate
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FIGURE 3 POLKADOT FROG Trace. This is the
√
IFROG of an SHG
FROG trace using a 50% / 10% etalon as a beam splitter as described in the
text
FIGURE 4 Delay Marginal (equal to the pulse intensity autocorrelation).
The delay marginal has peaks separated by the pulse separation. The fit of
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where λ0 is the center wavelength of the delay marginal, Sλ is
the peak separation, and c is the speed of light. The Sλ used in
these experiments is the average separation. For very broad-
band pulses, this is not an exact solution; the separation is
constant in frequency, not wavelength. When the bandwidth is
small, this effect is not significant. The center wavelength, λ0,
must be determined through an independent method, although
halving the fundamental’s center wavelength is probably suf-
ficient for most purposes.
FIGURE 5 Frequency Marginal (equal to the autoconvolution of the spec-
trum). The frequency marginal has peaks separated by the reciprocal of the
pulse separation. The fit of Function (1) to the marginal is also shownFigure 7: Frequency Marginal (equal to the autoco volution of the spectrum). The fre-
quency marginal has peaks separated by the reciprocal of the pulse separation. The fit of
Function (1) to the marginal is also shown.
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FIGURE 6 Peak Positions
and Calibration Fit Func-
tions. Shown here are the
peak positions from the
marginals and the straight
line fits. The delay marginal
fit was 84. +951x, and the
frequency marginal fit was
38 + 628x, where x is the
peak number
We tested POLKADOT FROG using a SHG FROG device
in which we replaced the usual beam splitter with a 26.8 µm
etalon having a 50% first-surface reflectivity and a 10%
second-surface reflectivity, as mentioned. The etalon was air-
spaced, and the two windows were each 5 mm thick. (It is
interesting to note that the etalon beam splitter balances the
dispersion of both arms. Since the reflective surface is at
the center of the beam splitter, all pulses traverse the same
amount of glass, and there is no need for a compensation
plate in either arm.) This etalon yielded pulses separated
FIGURE 7 A Complicated
Theoretical POLKADOT FROG
Trace. The POLKADOT FROG
trace in the upper left was
created from the pulse in the
lower right, assuming that the
pulse had passed through
a 50% / 10% etalon that created
a pulse separation of 180 fs.
Again, the square root of IFROG
is shown in the upper left.
The original trace had a time
calibration of 5000 fs/pixel
and a spectral calibration of
0.1043 nm/pixel. The retrieved
calibrations were 5067 fs/pixel
and 0.1065 nm/pixel
by 179 fs. The etalon spacing is itself easily calibrated by
measuring the spectrum of light transmitted through it and
using the same formula as above for the fringe spacing.
To measure this we used a commercial spectrophotometer,
a Varian Cary 500 Scan, and fitted the peaks using a simple
LabVIEW code.
The SHG FROG device in these experiments used
a 100 µm thick KDP crystal and a beam angle of ∼ 5◦. The de-
lay was stepped using a Newport MFN25PP translation stage
and an ESP 300 controller. The spectrometer was an Acton
Figure 8: Peak Positions and Calibration Fit Functions. Shown here are the peak positions
from the marginals and the straight line fits. The delay marginal fit was 84+951x, and the
frequency marginal fit was 38+628x, where x is the peak number.
The etalon calibration values were easily within experimental error of the independently
determined values.
We have also simulated the performance of this device on a complex pulse, in particular,
a pulse with a Gaussian spectrum and spectral quadratic and cubic phase, shown in figure
(2.4). In this case, the pulse had structure that could, in principle, confuse the fitting pro-
cedure. However, the FROG trace and the resulting marginals smoothed out this structure,
leaving only the desired structure. In addition, it must be admitted that pathological cases
in which the pulse is in fact a double pulse separated by approximately the etalon round-trip
time can confuse this procedure. One is cautioned not to use such pathological pulses in
the calibration stage!
Overall, we found this approach to calibration quite satisfying. It is more reliable for the
delay calibration than the use of a commercial translation-stage calibration, which is subject
to mechanical problems that can be difficult to track down. In one of our trials, a translation
stage exhibited different calibrations in different regions of its travel. Thus, a calibration
obtained in one region would not have been valid in the other. POLKADOT FROG solves
this problem elegantly, and, even better, it involves no moving parts (although there may be
moving parts in the FROG device itself), and it continually recalibrates the device for every
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calibrations were 5067 fs/pixel
and 0.1065 nm/pixel
by 179 fs. The etalon spacing is itself easily calibrated by
measuring the spectrum of light transmitted through it and
using the same formula as above for the fringe spacing.
To measure this we used a commercial spectrophotometer,
a Varian Cary 500 Scan, and fitted the peaks using a simple
LabVIEW code.
The SHG FROG device in these experiments used
a 100 µm thick KDP crystal and a beam angle of ∼ 5◦. The de-
lay was stepped using a Newport MFN25PP translation stage
and an ESP 300 controller. The spectrometer was an Acton
Figure 9: A complicated theoretically reconstructed POLKADOT FROG Trace. The trace
in the upper left was created from the pulse in the lower right, assuming that the pulse had
passed through a 50%/10% etalon that created a pulse separation of 180 fs. Again, the
sqrtIFROG is shown in the upper left. The original trace had a time calibration of 5000
fs/pixel and a spectral calibration of 0.1043 nm/pixel. The retrieved calibrations were 5067
fs/pixel and 0.1065 nm/pixel.
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FIGURE 8 Retrieved POLKA-
DOT FROG trace (top right)
and retrieved pulse (bottom).
This retrieval clearly shows the
secondary pulse, indicating the
direction of time
FIGURE 9 The Retrieved Pulse Correction. The pulse after subtracting off
the trailing pulses as described in (5). The secondary pulse is completely
gone
this work distorted our pulse and would seriously distort ex-
tremely short pulses. Obviously, the thinner the elements used
the less distortion will be present. For extremely short pulses,
one could use an ultra-thin piece of glass as the etalon.
4 Conclusions
To conclude, we have developed a simple vari-
ation of the FROG technique, called POLKADOT FROG,
which automatically calibrates the device in both delay and
frequency and simultaneously removes the ambiguity in the
direction of time in SHG FROG. It is simple to imple-
ment, requiring only the replacement of the beam splitter
with an etalon. In alternative versions of FROG, such as
GRENOUILLE [5], where no beam splitter is used, the etalon
can be placed in front of the device and removed when no
longer needed. Most versions of FROG should benefit from
this simple addition.
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5 Appendix A: Derivation of the 50% requirement
for the first surface of the etalon
To perform a FROG measurement the two pulses
must have identical shapes, but they can differ by a multi-
plicative factor without adversely affecting the measurement.
In this paper, we have used the fact that only the first surface
of the etalon needs to have a 50% reflectivity. It is not obvi-
ous that only the first surface is restricted and that the second
surface is unrestricted. Given the schematic in Fig. 10, the fol-
lowing equations can be written for the two pulse trains:
I1 =(R1 + T1 R2T1 + T1 R2 R1 R2T1
+ T1 R2(R1 R2)2T1 + ...)I0
I2 =(T2T1 + T2 R1 R2T1 + T2(R1 R2)2T1
+ T2(R1 R2)3T1 + ...)I0 , (7)
Figure 10: Retrieved POLKADOT FROG Trace (top right) and retrieved pulse (bottom).
This retrieval clearly shows the secondary pulse, indicating the direction of time.
measurement. The POLKADOT option can be used in all FROG variations. In addition,
it is easy to imagine many other methods for fitting the peaks. For example, one could
force the peaks to be equally spaced, thus allowing only one peak separation parameter.
Alternatively, one could also incorporate a multiple-pulse formula into the FROG algorithm.
2.5 Removal of the Direction-of-Time Ambiguity with POLKA-
DOT FROG
In addition to calibrating the trace, POLKADOT FROG removes the direction-of-time
ambiguity from an SHG FROG trace. Figure (10) shows the pulse retrieved from the SHG
FROG trace in figure (5). Ordinarily, the retrieved pulse in an SHG FROG measurement
would be ambiguous because the pulse obtained by the algorithm and its mirror image in
time would yield the same measured FROG trace and so it is not possible to determine
19
which is correct. However, in our case, having used an etalon, we know that the second
pulse is much weaker than the first, and we also know when it occurs. In the pulse shown
in figure (10), the secondary pulse must occur at about +180 fs. This is clearly evident in
the temporal pulse retrieved and hence is easily identified as the second pulse in the train.
Thus, the POLKADOT FROG geometry also eliminates the direction-of-time ambiguity in
SHG FROG.
Of course, when we measure a pulse, we wish to obtain that pulse, not a version of
it with a weak second pulse trailing behind it. Fortunately, the removal of the second
pulse is straightforward. Note that, more precisely, an infinite train of additional pulses
follows behind the first pulse, each delayed by τ and reduced by a factor of, say, ε. Thus
POLKADOT FROG yields a measured field, Emeas(t), with additional delayed replicas of
the pulse field:
Emeas(t) = E(t) + ε E(t− τ) + ε2 E(t− 2τ) + ... (4)
where E(t) is the actual pulse, which we desire. To obtain E(t), it is simply necessary
to subtract off the measured field reduced in magnitude by ε and displaced by τ : that is,
by subtracting off the quantity: εEmeas(t− τ). This yields a new quantity:
E′meas(t) = Emeas(t)− ε Emeas(t− τ) (5)
.
Substitution of Emeas(t) into this expression, followed by some simple arithmetic yields:
E′meas(t) = E(t) (6)
.
Thus, it is trivial to obtain E(t) from the measured field. The pulse shown in figure
(11) is the same as the pulse from figure (10) with this simple correction procedure applied
and shows remarkably good removal of the secondary pulse. A more convenient algorithm
could be developed as part of the FROG retrieval. By including the multiple pulse nature
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5 Appendix A: Derivation of the 50% requirement
for the first surface of the etalon
To perform a FROG measurement the two pulses
must have identical shapes, but they can differ by a multi-
plicative factor without adversely affecting the measurement.
In this paper, we have used the fact that only the first surface
of the etalon needs to have a 50% reflectivity. It is not obvi-
ous that only the first surface is restricted and that the second
surface is unrestricted. Given the schematic in Fig. 10, the fol-
lowing equations can be written for the two pulse trains:
I1 =(R1 + T1 R2T1 + T1 R2 R1 R2T1
+ T1 R2(R1 R2)2T1 + ...)I0
I2 =(T2T1 + T2 R1 R2T1 + T2(R1 R2)2T1
+ T2(R1 R2)3T1 + ...)I0 , (7)
Figure 11: The Corrected POLKADOT FROG Retrieved Pulse. The pulse after subtract-
ing off the trailing pulses as described in equation (5). The secondary pulse is c mpletely
gone.
of the FROG trace inside of the algorithm, E(t) could be retrieved directly from the trace.
Interestingly, it is possible t set up a version of this technique in which one can simply
convert from standard FROG to POLKADOT FROG. It involves using an etalon at Brew-
ster’s angle with no coating on the second surface. As a result, the back surface will have a
reflectivity of about 10% for the s-polarization and 0% for the p-polarization. The etalon
should at the same time be designed to have a 50% reflectivity for the s-polarization, and
any reflectivity between about 25% and 75% for the p-polarization. As a result, an input
pulse with s-polarization will be transformed to a train of pulses and will experience the
POLKADOT effect, while a pulse with p-polarization will not see the POLKADOT effect
and will participate in a standard FROG measurement. Since it is very easy to rotate the
polarization of a pulse before the FROG device (using a half-wave plate), this POLKADOT
FROG arrangement could be very convenient.
Finally, a minor practical issue: of course, the relatively thick (off-the-shelf) optical
elements of the etalon used in this work distorted our pulse and would seriously distort
extremely short pulses. Obviously, the thinner the elements used, the less distortion will be
present. For extremely short pulses, one could use an ultra-thin piece of glass as the etalon.
To conclude, in this chapter, we discuss a simple variation of the FROG technique that
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we developed called POLKADOT FROG. This technique automatically calibrates the device
in both delay and frequency and simultaneously removes the ambiguity in the direction of
time in SHG FROG. It is simple to implement, requiring only the replacement of the beam
splitter with an etalon. In alternative versions of FROG, such as GRENOUILLE [31], where
no beam splitter is used, the etalon is placed in front of the device and removed when no





FROG and its more elegant avatar GRENOUILLE can measure ultrashort pulses which have
pulse energies in the pJ regime and perhaps even in the 100s of fJ. But many experiments
result in the generation of ultrashort pulses that are much weaker. The drawback in using
FROG and any typical pulse measurement technique is the reliance on nonlinear-optical
processes [43, 44], which make measuring weak pulses difficult, if not downright impossible.
Fortunately there is a linear technique that is available to measure the intensity and
phase of such weak pulses with great sensitivity, as long as there is a fairly intense pulse
available which has similar or broader, overlapping spectral bandwidth. This technique
is called Spectral Interferometry (SI). SI, as the name suggests, involves measuring
the interference spectrum from the sum of the two pulses. From the resulting interference
fringes, the spectral phase difference ∆ϕ (ω) = ϕstrong (ω) − ϕweak (ω) between the strong
pulse and the weak pulse can be measured. If the phase of the stronger pulse is known
(having been measured previously using, say, a FROG technique), then the phase of the
weak pulse ϕweak (ω) can be extracted easily. The main advantage of this linear technique is
that it is a so-called heterodyne technique, as the weak pulse is not measured directly; it is
summed with a stronger pulse, making it more visible and easier to measure. An additional
advantage of SI is that it does not involve iterative algorithms to measure the phase.
The combination of using FROG to measure the “reference” pulse and SI to then mea-
sure the weaker “unknown” pulse has been called Temporal Analysis by Dispersing a Pair
of Light E-fields or TADPOLE for short. TADPOLE has been shown to measure pulse
trains with individual pulses having 42 zeptoJoules (zJ) of energy [19].
Fourier Transform Spectral Interferometry (FTSI) was first introduced by Froehly et.
al [20, 32]. The signal whose E-field is given by Eunk (t) and the reference pulse, Eref (t)
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Figure 12: Simple schematic for Spectral Interferometry experiments. The unknown and
reference pulse are interfered collinearly and the spectrum resolved in a spectrometer.
are directed collinearly into a spectrometer with a delay τ between them. As long as the
spectrum of the reference pulse encompasses the spectrum of the signal pulse, there will be
spectral interference between the two pulses. The resulting SI spectrum is then given by:




Sunk(ω) cos[ϕunk(ω) − ϕref (ω) − ωτ ]. (7)
Here, Sref (ω) and Sunk(ω) refer to the spectra of the reference and signal pulses respec-
tively. Since the phase of the reference is known, a simple inversion algorithm can be used
to extract the phase of the signal pulse.
The most common inversion technique called FTSI or alternately, frequency-domain
interferometry, involves a one-dimensional Fourier transform, which makes the retrieval
much faster than FROG algorithms, especially for complicated pulses. Here, the relative
delay between the two pulses τ emerges automatically from the analysis and does not have
to be measured independently.
Dual-Quadrature Spectral Interferometry (DQSI) [27, 19] is an alternate to FTSI. Here
along with measuring the usual SI signal, an additional measurement is made by inserting
a π/2 phase shift in one arm of the interferometer, so that the new interference spectrum
now becomes:




Sunk(ω) sin[ϕunk(ω) − ϕref (ω) − ωτ ]. (8)
.
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This allows for the non-interferometric parts of the signals to be removed leaving only
the sine and cosine parts of the signal. By setting the delay τ = 0, it is possible to determine
the phase difference ∆ϕ (ω) = ϕref (ω) − ϕunk (ω) uniquely, thereby allowing ϕunk to be
extracted. This is a very elegant way to measure the phase. Although used in time domain,
this technique has not been demonstrated to measure spectral phase until now.
Other SI techniques involve phase-shifting over 0◦, 90◦, 180◦ and 270◦ and making multi-
ple spectral measurements. There are several variations of such phase-shifting SI depending
on the number of spectra measured, all intended to measure phase. Typically such phase-
shifting interferometric techniques are applied to measure phase in spatial domain.
3.2 SI to measure picosecond-long shaped pulses
3.2.1 Practical limitations of SI
It is often possible to shape ultrashort laser pulses into potentially complex waveforms with
time-varying intensity and phase. In such instances, iterative algorithms become too slow
to be able to process complex pulses generated by such pulse-shapers effectively. The pulse-
shapers require rapid feedback from the measurement to the shaper to verify that the pulse
shape is correct. These applications typically involve varying a shaped pulse and seeing
what happens to a sample medium excited by the pulse, and then trying another pulse
shape. In such applications, speed is very critical. SI, with its direct inversion algorithm,
offers a perfect solution to such problems.
SI overcomes the requirement for spectral overlap with the shaped pulse because the
shaped pulse is always obtained from an initial input pulse, which can be treated as a
reference pulse.
Although spectral interferometry has many advantages, its application is often limited
due to a serious practical difficulty: to obtain clear interferometric “fringes”, the object
beam and the reference beam must be aligned perfectly collinearly, down to a few micro-
radians, which involves four very sensitive alignment degrees of freedom. This is time-
consuming to achieve and often difficult to maintain during the course of the experiment, as










θ = 30° 
Figure 13: Schematic representing the advantage of replacing a spectrometer slit with a
pinhole.
measurements because the technique is so sensitive, and the required neutral density or other
filters can distort the pulse. Finally, because pulse-shaping often involves lengthening the
pulse significantly, to nearly 10 picoseconds in some cases, the required spectral resolution
can be quite high - much higher than that required to measure the original pulse. As a
result, SI is rarely used to measure shaped pulses. But, if we can solve these problems, SI
could become the standard method for measuring shaped pulses.
The collinear alignment requirement comes from the fact that the two pulses need to
remain overlapped spatially in order to interfere at the entrance slit of the spectrometer.
However, if a pinhole (or a very tiny slit) of the order of the wavelength of the pulses is used
at the entrance of the spectrometer in the place of the usual slit, we find that it relaxes the
stringent constraint of collinear alignment. This is a simple improvement that we present
to spectral interferometry, which significantly reduces the alignment requirement of the
technique. This is because the two beams entering the pinhole will diffract at the pinhole
and “forget” their original direction. Now, even if the two beams enter the pinhole at large
crossing angles, they would still maintain spatial overlap thus requiring only the temporal
delay τ to be defined to produce fringes. As a bonus, the pinhole achieves significant
attenuation making away with the need to use neutral density filters in the measurement.
And an added advantage is that the spectral resolution of the spectrometer is optimal with
such a small entrance pinhole.
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3.2.2 Experiment
We tested the pinhole idea by modifying a 250-cm-optical-length Oriel Instruments MS257
spectrometer. The entrance slit assembly was replaced by a ∼ 14µm diameter pinhole,
which we made on a stainless steel sheet by focusing amplified Ti:sapphire pulse onto it.
The size of the pinhole was determined by measuring the Airy rings. We used the output
from a KM Labs Ti:sapphire oscillator as the reference pulse, and measured its intensity
and phase using a Swamp Optics GRENOUILLE. In this preliminary work, the object pulse
consisted of a double pulse from a Michelson interferometer. A beam-splitter was used in
the reference arm to provide the input to the Michelson interferometer. Its spectrum had
fairly broad fringes due to the interference of the two pulses. The object double pulse and
the reference pulse were both sent into the spectrometer through the small pinhole, at a
large crossing angle of nearly 32◦, mutually delayed. The delay between the object pulse and
the reference pulse was adjusted to produce the fine fringes that our spectrometer was able
to resolve, because a smaller fringe spacing allowed for smaller features in the object pulse
spectrum to be retrieved reliably by SI. We measured the SI spectrum with a spectrometer
and a photodiode array, and ran the FTSI inversion TADPOLE algorithm to obtain the
intensity and phase of the object pulse both in the time and frequency domains.
Since the double pulse was generated by using replicas of the reference pulse which had
been previously characterized, we expected each peak of the double-pulse to be identical to
the reference pulse, but separated by the delay corresponding to the delay measured from the
fringes in the double-pulse spectrum. As can be seen from figures (14,15), the TADPOLE
algorithm retrieved the two pulses forming the double-pulse in time very accurately. The
limitation in the Oriel spectrometer resolution of 0.35 nm limited our ability to measure
long double pulses, the longest pulse we could measure being ∼ 3 ps.
We replaced the Oriel spectrometer with an Ocean Optics HR4000 fiber spectrometer
which had a spectral resolution of 0.05 nm. With this spectrometer, we were easily able to
measure broadband double pulses separated by as much as 10 ps, as shown in figure(16).
The algorithm does an excellent job of retrieving the phase of the pulse. The intensities
of the two peaks in the double pulse are of different heights due to the fact that we have
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Figure 14: The intensity and phase of a TADPOLE retrieval of a 685 fs long double-pulse
is shown in the time domain. The intensity of the GRENOUILLE measured reference pulse
is superimposed on this retrieval and shows excellent agreement.
 
Figure 15: The spectral intensity and phase of a TADPOLE retrieval of a 685 fs long
double-pulse is shown in the time domain.
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Figure 16: The intensity and phase of a TADPOLE retrieval of a 10 ps long broadband
double-pulse is shown in both the time and spectral domain. The inset in time domain
shows the first peak of the double pulse clearly.
fine fringe spacing which results in poor fringe visibility [15, 16]. Although we tried to
characterize the apparatus function to account for this poor visibility, we were unsuccessful
in deconvolving the apparatus function accurately in our data. That also accounts for the
less than perfect spectral retrieval.
The idea of using pinholes to make alignment-free SI set-ups can be improved even
further by use of single-mode optical fibers whose cores act as pinholes, essentially the same
idea. Only the component of light which mode-matches the fiber will couple into it. Again
attenuation is provided automatically, because of the small core size.
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3.3 Background-free Spectral Interferometry and Practical
devices for SI
3.3.1 Differential Spectral Interferometry
In the previous section, we suggested replacing the slit with a pinhole as a simple way to
overcome the experimental hindrance to SI which would make it a more prevalent technique
for pulse measurements in laboratories. There is however another drawback to SI which
makes processing the data obtained from SI experiments difficult. There is always a strong
(DC) background associated with the light source itself that is inherently present in all SI
images. The experimental outcome of this DC term is that the pulses in SI measurements are
deliberately not overlapped in time, but kept at fairly large delays in order to yield distinct
spectral fringes far away from DC in the SI spectrum that the Fourier transform based
inversion algorithm can isolate and retrieve accurately. This forces the spectral resolution
of the spectrometer to be as much as 10 times longer than the pulse length itself, simply
to measure the pulse spectrum. When measuring shaped pulses that run up to 10 ps in
length, this feature of SI could be undesirable as it would mean very large and very expensive
spectrometers. It would be a great advantage for the technique to be able to eliminate such
strong DC background and be able to overlap the pulses in time in spectral interferometry
to measure long complex pulses.
A new method of SI called Differential Spectral Interferometry (DSI) was introduced
a couple of years ago that gets around the background problem in a very simple manner
[41]. DSI involves introducing a π phase shift in one arm of the interferometer and making
an additional interferometric measurement. A differential spectral interferogram is then
obtained by subtracting one spectrum from the other, thus eliminating the DC terms and
increasing the signal of interest by a factor of 2 compared to the SI.
S+SI (ω) = |Eref (ω)|
2 + |Eunk (ω)|2 + Eref (ω) Eunk (ω) cos [ϕref (ω)− ϕunk (ω)− ωτ ]
S−SI (ω) = |Eref (ω)|












Figure 17: Differential Spectral Interferometry schematic.
S+SI (ω)− S
−
SI (ω) = 2 Eref (ω) Eunk (ω) cos [ϕref (ω)− ϕunk (ω)− ωτ ] (10)
.
Experimentally the idea is very simple to implement, since a 50/50 beam-splitter pro-
vides a π phase shift with the proper intensities to eliminate DC terms. However the
alignment requirement in this case is more stringent than that of spectral interferometry.
Taking the fiber-coupling idea, that we introduced in the last section further, a very
Another important issue is that, in SI measurements performed to date, the pulses were deliberately not 
overlapped in time in order to yield spectral fringes in the SI spectrum.  These fringes allow a simple Fourier-
transform-based inversion, but it requires significantly more spectral resolution from the spectrometer.  The spectral 
resolution required to measure a spectrum is the reciprocal of the pulse width. When the pulses do not overlap, this 
becomes the pulse separation, which is often a factor of ten longer than the pulse itself. This then requires a factor of 
ten more spectral resolution than would be required simply to measure the pulse spectrum.  This is quite undesirable 
when measuring shaped pulses, which are often many picoseconds long, and hence which can require a very high-
resolution (i.e. very large and very expensive!) spectrometer.  Thus, it will be important to overlap the pulses in time 
in the spectral interferometer in order to measure the most complex shaped pulses. 
Fortunately, it is possible to extract the intensity and phase even when the pulses overlap in time using simple 
(non-Fourier-transform) inversion algorithm and using a somewhat more complex experimental arrangement (but 
which we will simplify greatly).  Called Differential Spectral Interferometry (DSI) [5], this technique involves 
collecting and spectrally resolving, not just one of the outputs SI+ of the beam splitter, but the other SI-  also. We then 
subtract the two measurements. This subtracts off the (undesirable) sum of the spectra and doubles the (desirable) 
interference term. Specifically,  
 ref unk ref unk unk refSI
+ ( ) ( ) ( ) 2 ( ) ( ) cos[ ( ) ( ) ]S S S S Sω ω ω ω ω ϕ ω ϕ ω ωτ= + + − −  (2) 
 ref unk ref unk unk refSI
- ( ) ( ) ( ) 2 ( ) ( ) cos[ ( ) ( ) ]S S S S Sω ω ω ω ω ϕ ω ϕ ω ωτ= + − − −  (3) 
So 
 ref unk unk refSI SI
+ +( ) ( ) 4 ( ) ( ) cos[ ( ) ( ) ]S S S Sω ω ω ω ϕ ω ϕ ω ωτ− = − −  (4) 
Subtracting these two equations easily reveals the cross term only. And, of course, separate measurements of the 
individual spectra allow us to divide by the square roots of the individual spectra to obtain just the cosine factor. The 
remaining inversion problem is straightforward. 
Of course, DSI appears even more difficult to align than simple SI!  But a simple extension of the fiber-coupling 
idea can yield the DSI spectra, as well as the individual pulse spectra easily. Fig. 3 shows a completely fiber-coupled 
DSI for measuring shaped pulses.  We have performed preliminary measurements with this device, and we have 
found that it can measure double pulses separate by as much as ~10 ps, as it utilizes the full spectral resolution of the 
spectrometer (0.05 nm) for the SI measurement. 
 
Fig. 3. (Left) Fiber-coupled alignment-free differential spectral interferometer. The fiber splitters split off pieces of the two input 
pulses, so that their spectra may be measured separately. The 50/50 coupler yields two outputs, the sum and difference of the two 
input pulses.  The switches then allow one of the four outputs to enter the spectrometer at any give time, rapidly scanning through 
all four cases. Note that the various contributions of GVD in all of the various fibers of this device all cancel out, so the fibers can 
be long.  (Middle) and (Right) Intensity and phase of a double pulse separated by 8.725 ps, measured by a fiber-optic spectral 
interferometer.  This spectral resolution should be sufficient for most pulse shaping applications. 
 
We are currently working on further improving the design of the device and the performance of the associated 
algorithm.  With its extraordinary simplicity and capability, we hope this ultrasimple spectral interferometer will 
soon be accepted as an indispensable diagnostic tool by pulse shapers in the near future. 
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Figure 18: Fiber Coupled Differential Spectral Interferometry schematic.
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Figure 19: The intensity and phase of a TADPOLE retrieval of a 6.5 ps long broadband
double-pulse is shown in both the time and spectral domain. The experiment was performed
using an elegant fiber-coupled Differential Spectral Interferometric scheme. The inset in
time domain shows the first peak of the double pulse clearly. There is very little background
present in such a scheme.
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elegant differential spectral interferometric scheme can be implemented with the use of
fiber couplers, as shown in figure (18), which is easy to align and maintain alignment.
The fiber splitters in the 1× 2 couplers split off pieces of the two input pulses, so that
their spectra may be measured separately. The 2 × 2 fiber coupler (which acts as a 50/50
beam splitter) yields two outputs which are the sum and difference of the two input pulse
fields [9]. The switches shown in the schematic then allow one of the four outputs to enter
the spectrometer at any given time, rapidly scanning all four outputs. As long as the fiber
lengths in the two interferometric channels are kept identical, the contributions of Group
Velocity Dispersion (GVD) in the various fibers of this device cancel out and the pulse is
retrieved accurately.
We have performed preliminary measurements with such a practical device and we have
found that pulses with very large separations can be measured by using the full spectral res-
olution of the spectrometer using the DSI scheme, without a large DC background to worry
about. Shown in figure (19) is one such measurement of a 6.5 ps long double pulse. There
is good agreement between this TADPOLE retrieval and the GRENOUILLE measurement
of such a pulse, especially in the phase retrieval.
Although in principle DSI should work exceeding well, in practice this only occurs when
the two fibers being used for the two interferometric measurements are exactly identical.
It is exceedingly difficult to manufacture the two fibers in the fiber coupler to be exactly
identical. Shown in figure (20) is the variation of the response with wavelength of the two
arms of the 2 × 2 fiber-coupler that we used in our experiment. What this implies is that
although there is only a π-phase shift between the two measurements S+ and S−, it is never
possible to cancel out the DC background completely.
In addition, the TADPOLE algorithm that we have used to retrieve all these pulses
use Fourier transform inversion. However with ease of alignment and ability to automate
data gathering, it is tempting to implement alternate schemes for inversion such as Dual
Quadrature Spectral Interferometry or Phase Shifting Interferometry.
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Figure 20: The two arms of a 2 × 2 fiber coupler are not identical in their response at
different wavelengths. This implies that the SI spectra measured on the S+ and S− channels
of the coupler will not cancel out in DC completely.
3.3.2 Dual-Quadrature Spectral Interferometry
Dual-Quadrature Spectral Interferometry (DQSI) furthers the idea of measuring two SI
spectra to retrieve the phase of the unknown pulse. Only this time, in the second mea-
surement, instead of shifting the phase between the two arms of the interferometer by π,
we introduce a π/2 phase-shift between the two arms. Experimentally this can be done
by simply introducing a quarter-wave-plate in the reference arm or increasing the delay
between the reference arm and the object pulse arm. In our case, we allowed the slow-drift
in the spectrum due to the fiber to furnish us with the required π/2 phase-shift. This has
the consequence that the SI equations now change to
SRSI (ω) = |Eref (ω)|
2 + |Eunk (ω)|2 + Eref (ω) Eunk (ω) cos [ϕref (ω)− ϕunk (ω)− ωτ ]
SISI (ω) = |Eref (ω)|
2 + |Eunk (ω)|2 + Eref (ω) Eunk (ω) sin [ϕref (ω)− ϕunk (ω)− ωτ ]
(11)
,
so that we can now simple add the two measurements in the following form:
SSI = SRSI + i S
I
SI (12)
yielding a complex number, whose phase is simple the phase we are after. This inversion
routine is exceedingly simple requiring no Fourier transforms to extract the spectral phase.
Subtracting the linear term from the phase- due to delay τ , and the phase from due to the
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Figure 21: The spectrum and spectral phase of a TADPOLE retrieval of a 12.5 ps
long broadband double-pulse. The experiment was performed using a fiber-coupled Dual-
Quadrature Spectral Interferometric scheme.
reference pulse, we have the phase of the unknown pulse we are after quite simply. At this
point, if necessary, a Fourier transform would allow us to get the intensity and phase of the
pulse in the time domain.
Other than ease of inversion algorithm to extract phase, this technique is also powerful
in that it allows the full spectral resolution of the spectrometer to be utilized, or alternately,
in the time domain, access the entire range in the time domain that is available. This is
because we no longer have to worry about the signal in the negative delay axis being a
reflection of the signal from positive delay. The signal that we see in the time domain is
entirely due the pulse we have been trying to measure.
This technique thus provides a very neat, elegant and powerful method of applying
Spectral Interferometry to measure long shaped pulses.
As an aside, the phase jumps in the measurement of our pulse in the spectral domain
are real and occur due to the fact that the two peaks are of comparable intensities. This
can be seen from the following calculations:
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Figure 22: The intensity and phase of a TADPOLE retrieval of a 12.5 ps long broadband
double-pulse is shown in time domain. The experiment was performed using a fiber-coupled
Dual-Quadrature Spectral Interferometric scheme. The expanded figures at the bottom
show the each peak of the double pulse clearly, compared with the GRENOUILLE measured
reference pulse. There is excellent agreement between the GRENOUILLE measurement and
the TADPOLE retrievals. There is very little background present in such a scheme.
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E (t) + αE (t− τ) ⇔ E (ω) + αE (ω) eiωτ (13)
,
where α is the contrast in peak heights in the double pulse. Therefore, the phase of the
double pulse is given by:
ϕ (ω) = tan−1
[
α sin (ωτ)




When α = 1, the phase-jump is exactly π. As α decreases, the phase-jumps decrease as
well.
3.4 SI to measure weak light pulses
Ultrashort light pulses are very prevalent in nature. Key processes in nature such as photo-
synthesis, vision, molecular vibrations, liquid-phase collisions all occur on ultrashort time
scales. While the pulse-measurement community has mastered the ability to measure ul-
trashort pulses generated by lasers, we are still learning our way into measuring such vital
natural pulses which would increase our knowledge tremendously.
The key to measuring the spectral phase of arbitrary unknown light as generally as one
can measure it’s spectrum is the use of an extremely broadband reference light wave. And,
most importantly, it must have known spectral phase.
The advent of microstructure or photonic crystal fibers about 5 years ago heralded great
advances in the field of ultrafast optics. Pulses with bandwidths spanning from 400 nm to
1200 nm could be generated by launching pulses from an 800 nm Ti:Sapphire laser [33].
Unlike the white light continuum generated in bulk media such as a sapphire plate, the white
light from a microstructure fiber had a beautiful spatial mode and was spatially coherent.
Such stable broadband light sources opened up exciting possibilities as a reference pulse for
spectral interferometric experiments in measuring arbitrary ultrashort pulses.
We did some preliminary studies to explore the possibilities of using SI with this broad-
band reference pulse to measure the weak fluorescence generated in the fluorescent dye
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Malachite Green. The dye was found to have a lifetime of about 1.5 picoseconds and a very
low quantum yield of ∼ 10−4. Although the dye has been well-studied there have been no
known measurements of its spectral phase, or for that matter, the phase of most fluores-
cent dyes. However, some ground-breaking experiments in characterizing this broadband
“super-continuum” revealed that while the phase of the pulse is extremely stable, the spec-
trum itself has extremely fine structure on the 1 nm scale, which varies from pulse-to-pulse,
making it a difficult choice to use as a reference pulse in interferometric measurements
[23, 24, 22].
However, there were other problems in using SI for studying fluorescence which made us
abandon this approach to solving the problem of phase measurement of fluorescence. Since
fluorescence pulses varied from shot-to-shot, we had to perform spectral interferometry on
a single-shot basis. This meant that the sensitivity of the technique was now brought
down from the zeptoJoule regime to the attoJoule regime for an oscillator system, with
its 100s of MHz repetition rate. Since fluorescence pulses were also spatially incoherent,
the number of coherent fluorescence photons collected were severely limited (according to
the Van Cittert-Zirneke theorem [4, 42, 46]). These two constraints together put a severe
limitation on the number of fluorescence photons that we were able to collect from a low
quantum-yielding sample. In conjunction with the fact that our reference pulse appeared
to be highly structured, this made Spectral Interferometry an impractical technique to use
to measure fluorescence pulses.
Completing a full circle, theoretical simulations [21] and experiments [18] have since then
shown that it is possible to generate smoother super-continua using shorter microstructure
fibers of ∼ 1 cm length, which might be more suitable as reference pulses in SI experiments.
Also, the advent of very high resolution and cheap fiber spectrometers as well as higher
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4.1 Introduction
The FROG technique, a self-referencing technique, usually allows us to measure an ultra-
short pulse in the absence of a shorter reference pulse. But if a shorter well characterized
pulse is already available, it is usually preferable to use this pulse as a reference pulse in
order to measure the unknown pulse. In fact, even if the reference pulse is not shorter than
the pulse it be measured, it may still be advantageous to use it to measure the reference
pulse. For instance, the efficiency of the nonlinear optical process can be increased by using
a reference pulse which is highly intense, even if it happens to be longer than the unknown
pulse. This increases the sensitivity of the pulse measurement technique and allows pulses
that were previously immeasurable - because of how weak they were - to be measured.
In addition, XFROG traces generated by gating the unknown pulse with smoother refer-
ence pulses are intuitive to interpretation, without having to apply the XFROG retrieval
algorithm. This is particularly useful if the unknown pulse happens to be complex.
The process of gating the unknown pulse with a known (different) pulse is known
as Cross-Correlation. Spectrally resolving the cross-correlation signal is termed Cross-
correlation Frequency Resolved Optical Gating or XFROG [28]. In the past researchers
have performed spectrally resolved cross-correlation in order to study unknown pulses. They
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have been able to measure the pulse color as a function of time using this technique. The
resulting spectrogram, made using a shorter reference pulse, is very intuitive in understand-
ing the nature of the unknown pulse. However, no one attempted to extract quantitative
information about the unknown pulse. Then, in the mid-90’s, the FROG-like algorithm was
applied to an XFROG spectrogram. It was a big advancement in the field, allowing the
intensity and phase of the unknown pulse to be measured - and that is what makes XFROG
a powerful tool to investigate unknown weak pulses.
XFROG experiments are easy to set-up and perform. There is no special requirement
for the reference pulse, such as in Spectral Interferometry(SI). For instance, the spectrum
of the reference pulse does not need to overlap with that of the unknown pulse. Moreover,
the absolute phase (the zeroth order phase term) of the pulse need not be the same from
pulse to pulse in a pulse train, i.e., the pulses do not need to be temporally coherent. This is
because XFROG - like other multishot FROG techniques does not measure absolute phase.
This quantity is of little consequence for most experiments. Again unlike SI, XFROG does
not have stringent mode-matching requirements. This allows pulses that are not spatially
coherent to be measured.
XFROG is also more versatile than other pulse measurement techniques. Depending
on the relative frequencies between the reference pulse and the unknown pulse, XFROG
geometries can be adapted to different nonlinearities, such as the sum frequency genera-
tion (SFG), difference frequency generation (DFG), optical parametric amplification (OPA)
or even third order processes such as self diffraction (SD) and polarization gating (PG)
XFROG.
XFROG has several “trivial” ambiguities. As previously mentioned, the usual absolute
phase ambiguity that is common to all FROG techniques. This is trivial however since
the absolute phase term is not a very important physical quantity in most experiments.
However, unlike FROG measurements, where there is a translation ambiguity present that
makes the origin of the time axis somewhat arbitrary XFROG measurements display a fixed
time axis with respect to the gate pulse.
Finally, the XFROG trace that is generated is not usually symmetric and hence offers an
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intuitive understanding of the unknown pulse as a function of time. This helps rule out the
direction-of-time ambiguity - to some degree. It must be kept in mind that if the reference
pulse had been characterized using SHG FROG or GRENOUILLE, then there is a possible
time ambiguity present in the characterization of the reference pulse itself. However, it is
very easy to eliminate such time ambiguities in a SHG FROG measurement as discussed
previously in chapter 2. Of course, the direction of time ambiguity in the gate pulse is
pretty obvious during an XFROG trace retrieval, since the retrieved XFROG trace differs
appreciably from the measured XFROG trace and the XFROG error is large.
4.2 Theoretical background
4.2.1 XFROG




E(t)Egate(t− τ) exp(−iωt) dt
∣∣∣∣2 (15)
where the gate function, Egate(t), can be any function (i.e., pulse) that happens to be
available and which has temporal structure on the order of that of the pulse to be measured,
E(t). If Egate(t) is a function of E(t) itself, the method is FROG; if not, it is XFROG. All
that is required is a signal field that is a function of time and delay, an example of which is
a product of the form, E(t)Egate(t−τ), which can then be spectrally resolved.
SFG XFROG is the most obvious of the XFROG geometries to be used in experiments.
Frequency Upconversion, a widely used technique to study fluorescence, is in fact the process
of sum frequency generation. The sum frequency signal can readily be generated by gating
the unknown pulse with the pulse from the Ti:Sapphire laser which acts as the reference
pulse. The gate function in the XFROG signal then takes the form:
Egate = Eref (16)
The carrier frequency corresponding to the sum frequency signal is ωSFG = ωunk +ωref .
If it were inconvenient to measure the sum frequency signal, say because it was too far in
the UV, for instance, then it would be more practical to use difference frequency generation
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to measure the signal. In this case, the carrier frequency would correspondingly be ωDFG =
ωunk − ωref . DFG XFROG will be discussed in greater detail in the following section.
It can be seen from the above equations that the XFROG signal is proportional to the
squared magnitude of the reference pulse. This is responsible for the heterodyne property
of the XFROG technique, which allows weaker pulses to be measured as compared to the
FROG technique.
4.2.2 DFG-XFROG and OPA-XFROG
While the idea of DFG XFROG has been around for at least the last five years, no previous
attempt had been made to exploit the one obvious difference between the process of DFG
and other second order nonlinear processes during XFROG measurements - that of expo-
nential gain in signal and idler intensity that occurs during the DFG interaction [29]. The
theory behind difference frequency generation is well understood [6, 3, 35]. This section will
discuss the simple theory behind DFG and OPA. Here we make a series of simple assump-
tions to derive our theory. We start off by assuming that the bandwidths in the pulses are
narrow enough compared to the carrier frequencies that we can approximate the pulses by
optical fields of infinite uniform plane waves at the carrier frequencies, propagating along




Ej(z)ei(kjz−ωjt) + c.c. (17)
where j=s,i,p and Ej(z) represents the complex field amplitude. Substituting for P(2)
and E in Maxwell’s wave equation, we can separate the result into the three components
at ωs, ωi and ωp, which will each separately satisfy the wave equation. We also make the
assumption that the field amplitudes or “envelopes” vary slowly over distance compared to
wavelengths, i.e., apply the so-called “Slowly Varying Envelope Approximation (SVEA)”
to our equations.
The coupled-wave equations for the generation of the signal and idler (which we will
refer to here as the OPA and DFG pulses, respectively, because the term “signal” is already














where κ = 4πdeffnOPAλOPA , κ
′ = 4πdeffnDFGλDFG and κp =
4πdeff
npλp
and ∆k = kp−kOPA−kDFG. Here
we also assume that the process is completely phase-matched, so that we can set ∆k = 0.






The general solutions to these equations are difficult, but assuming that the pump
depletion is negligible, eqn. (20) yields Ep = constant. The electric field of the signal pulse
emerging from the crystal in an OPA XFROG apparatus then has the form:
EOPAsig (t, τ) = E (t) E
OPA
gate (t− τ) , (22)
with E (t) as the unknown input pulse. The second factor is the gate pulse, which we
solve using equation (18). It is given by
EOPAgate (t) = cosh(g |Eref (t)| z) (23)





Thus, from equation(23), it can be seen that the pulse to be measured undergoes expo-
nential gain during OPA and retains its phase during the process of OPA.
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Note that in the experiments, when we refer to gain, we will actually be referring to the
net gain that a seed pulse sees as a result of the gain parameter acting along the length of
the crystal L. Since the process is phase-matched, the net gain is given by:
G ' (gL)2 (25)
The setup for DFG XFROG is similar to that of the OPA XFROG, except that now the
idler is imaged onto the slit of the spectrometer to yield a DFG XFROG trace. Although it
is known that DFG XFROG is a sensitive technique for measuring fairly weak pulses [29],
the method has never been demonstrated with gain. Here we consider the effect of possible
gain so that the electric field is given by:
EDFGsig (t, τ) = E (t) E
DFG∗
gate (t− τ) (26)
This has the same unknown input pulse and a gate function of the form:
EDFGgate (t) = exp[iφref (t)] sinh (g |Eref (t)| z) (27)
where φref (t) is the phase of the reference pulse. In the limit that the reference pulse is
weak, the net gain is small, and the above expression reduces to EDFGgate (t) = Eref (t). This
then brings the expression for the signal pulse to the more familiar form
EDFGsig (t, τ) = E (t) E
∗
ref (t− τ) (28)
The measured XFROG trace is the magnitude-squared Fourier transform of the various
signal fields. In both OPA and DFG XFROG, the unknown pulse can be easily retrieved
from the measured trace using the iterative XFROG algorithm, modified for the above
expressions for the gate pulse.
4.3 Experiment
4.3.1 Apparatus
Our experimental setup for OPA/DFG XFROG is shown in figure (23). In our experiments,
the output from a femtosecond KM Labs Ti:Sapphire oscillator is amplified using a kilohertz
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Fig. 1:  Schematic of the experimental apparatus for OPA/DFG XFROG.  The gate pulse is 
characterized using a GRENOUILLE (not shown) before it enters the XFROG setup. 
 
The coupled-wave equations for the generation of both the signal and idler (which we will 
refer to here as the OPA and DFG pulses, respectively, because the term, “signal,” is already 
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Assuming negligible pump depletion, the electric field of the signal pulse emerging from 
the crystal in an OPA XFROG apparatus has the form: 
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with E(t) is the unknown input pulse.  The second factor is the gate pulse and is given by  
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Thus the pulse to be measured undergoes exponential gain during OPA and retains its phase 























Figure 23: Schematic of the experimental apparatus for OPA/DFG XFROG. The gate
pulse is characterized using a GRENOUILLE (not shown) before it enters the XFROG
setup.
repetition rate Quantronix regenerative amplifier. The amplified 800 nm pulse is then
characterized using a Swamp Optics GRENOUILLE. The pulse is then split into two.
One pulse is used to generate a white-light continuum (with poor spatial coherence)
in a 2-mm thick sapphire plate. This is then spectrally filtered to yield a narrow slice
of the spectrum about 3 nm wide around 600 nm. The pulse is measured to have ∼ 80
picojoules(pJ) of energy. The pulse is then attenuated using a 3.0 OD neutral density filter
by a factor of 1000, so that it has an energy of about 80 femtojoules(fJ). It is the “unknown”
pulse in our experiments.
The other pulse from the beam-splitter is frequency-doubled in a 1-mm thick BBO
crystal using Type I phase matching and passed through a variable time delay to act as a
gate (pump) pulse (with 5.8 µ J) for the OPA/gating process.
Th two pulses are focused by a single 75-mm spherical mirror at a small angle (3◦)
in a 1-mm thick BBO crystal, again using Type I phase matching conditions. It must be
pointed out that the interaction here is considered Type I although the two input beams
are of different polarizations. Here the unknown pulse has ‘o’ polarization, while the bluer
pump pulse has ‘e’ polarization. The idler pulse which is generated as a result of this process
exits with ‘o’ polarization.
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The thickness of the crystal is chosen so that the equations from the previous section
are still applicable. This crystal thickness is also sufficient to accommodate the phase-
matching bandwidth of the weak pulse. The thickness also ensures that the group velocity
mismatch (GVM) between the various pulses is minimized during the interaction. This will
be discussed in greater detail in the following chapter.
The signal at the CCD array is integrated over a few seconds. The OPA signal emerging
from the BBO crystal sees an average gain (G) of about cosh(5.75) ' 150, which, in view of
the weak pulses involved, easily satisfies the condition of negligible pump depletion. This
value of the gain is, however, more than sufficient to record the spectrally dispersed signal
at the camera, i.e., the OPA spectrum vs. relative delay, which is the OPA XFROG trace.
4.3.2 Results
Using OPA XFROG, we first measured the above-described 80 fJ pulse. The calculated
second harmonic of the pulse from the amplifier, which had been characterized using the
Swamp Optics GRENOUILLE was used as the reference pulse. Figure (24) shows the
measured and retrieved OPA XFROG trace for this pulse, along with the retrieved intensity
and phase vs. time and the spectrum and spectral phase vs. wavelength. The FROG error
was 0.01 for this 128 x 128 pixel trace. The retrieved pulse had a temporal intensity Full
Width Half Maximum (FWHM) of 266.5 fs. The spectral FWHM was 2.428 nm, so that
the FWHM time-bandwidth product (TBP) was 0.4976.
To verify the results of the above newly introduced OPA XFROG measurement, we
measured the same continuum pulse using a well established, but less sensitive, method:
SFG XFROG (see figure (24)). The experimental setup was similar to that of OPA XFROG,
with a few minor variations. The 800 nm fundamental pulse from the amplifier acted as the
reference pulse for the SFG process. It was attenuated to 400 nJ. Also, since SFG XFROG
is a less sensitive technique than OPA XFROG, the continuum was now un-attenuated and
so the unknown pulse had a pulse energy of 80 pJ. Also a 100 micron thick Type I BBO
crystal was used to phase-match the sum frequency signal. The resulting sum-frequency





Fig. 2: The measured and retrieved traces and retrieved intensity and phase vs. time and the 
spectrum and spectral phase vs. wavelength of a spectrally filtered continuum from a sapphire 
plate.  The retrieved intensity and phase from the OPA XFROG measurement of 80fJ pulses 
agrees well with the retrieved intensity and phase of unattenuated continuum of 80pJ using the 
established technique, SFG XFROG as well as the independently measured spectrum. 
We should point out that this particular measurement violates the GVM constraints.  But 
the experiment was performed to test the limits on how weak a pulse can be measured using 
this technique.  Since fluorescence pulses of interest generally tend to be a few hundred 
femtoseconds to a few picoseconds long, GVM should prove less problematic in such 
measurements.  However the measurement shows that it is possible to measure extremely 
weak pulses by using a thicker crystal. 
Figure 24: The measured and retrieved traces and retrieved intensity and phase vs. time
and the spectrum and spectral phase vs. wavelength of a spectrally filtered continuum from
a sapphire plate. The retrieved intensity and phase from the OPA XFROG measurement of
80fJ pulses agrees well with the retrieved intensity and phase of unattenuated continuum of
80pJ using the established technique, SFG XFROG as well as the independently measured
spectrum.
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For the SFG measurement, the retrieval on a 128 x 128 trace had a FROG error of 0.014.
The temporal intensity FWHM was 284.4 fs and the spectral FWHM was 2.056 nm, so that
the FWHM TBP was 0.4498. The two measurements of the same pulse agreed reasonably
well.
In addition, the spectrum of the “unknown” pulse was measured independently using
the spectrometer. This spectrum also matched the retrieved spectrum from the XFROG
measurements. The results from this experiment established OPA XFROG as a reliable
ultrafast pulse measurement technique. Also this experiment showed that OPA XFROG
could reliably measure pulses at least three orders of magnitude weaker than those measured
using SFG XFROG.
The temporal resolution of any XFROG trace is not restricted by the pulse width of the
reference pulse. This is because information from both the temporal and spectral domains
of the reference pulse and the unknown pulse are simultaneously contained in the XFROG
trace. A short reference pulse would yield good temporal resolution of the unknown pulse
but wash out spectral features as a result of the broad bandwidths contained in the reference
pulse. Of course, a reference pulse with a narrow spectrum would mask temporal features
while providing good spectral resolution. While each such measurement would in and of
itself be adequate, it is better to find a happy medium and distribute the information more
evenly in both the temporal and spectral domains. This is where OPA XFROG shows
another distinct advantage over other XFROG techniques.
Since the reference pulse appears in the exponent of the gate function, the net effect is
that of a narrower gate pulse than the reference pulse providing us with a finer temporal
resolution. This is a desirable effect, although the spectral resolution is slightly compro-
mised.
4.4 Optical Parametric Generation
Optical Parametric Generation(OPG) is a spontaneous process that is often referred to
as Super-fluorescence. When an intense photon of frequency ωp is incident on a nonlinear





Figure 25: Spontaneous parametric fluorescence where the pump of energy ~ωp breaks up
into two photons of energy ~ω1 and ~ω2
the conservation of energy equation ωp = ω1 + ω2, as shown in figure (25). OPG is a
completely quantum mechanical effect first predicted and studied by Louisell et al [30].
Its theory can however be treated semiclassically, since the intense pump photon can be
approximated to a constant classical field. Perturbation theory can be applied to calculate
the expectation values of the emerging lower frequency fields. A detailed discussion of such
a calculation is beyond the realm of this thesis. However, the result of such calculations,
i.e., the expectation values for the emerging frequencies quoted in the equations below.

























Note that from the equation for the expectation values, even when there are no input
photons other than the pump itself, (i.e., 〈np (0)〉 = 0), OPG photons are still generated.
This can be seen from the unity factor in eqn. 29. Thus, this is the spontaneous emission
term.
Although conservation of energy permits the lower frequency photons to have any value
from 0 to ωp radiated in any direction, in reality, phase-matching conditions decide the
frequency and direction of emergence of the lower frequency photons. In other words,
phase-matching conditions decide at what frequencies the gain occurs, as can be seen from
eqn. 30. And this plays an important role in the OPA XFROG experiments. A small
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amount of phase mismatch is tolerated by the process. OPG frequencies satisfying these
conditions emerge from the nonlinear crystal as a cone subtending an angle 2θ around the
pump beam. As the crystal angle is changed, the cone expands to redder colors or shrinks
to bluer colors, spanning the entire visible spectrum from near ωp up to the degeneracy
wavelength ωdegen = ωp/2.
4.4.1 Impact of OPG on OPA XFROG measurement
OPA can be thought of as a special case of the process of OPG, where one of the lower
frequency photons, the “seed” photon has been supplied as input along with pump pulse.
Therefore the phase matching conditions in the experiment is optimized for maximum gain
at that particular input frequency ωs. Obviously, these same conditions will also cause
OPG to be generated and optimized at this identical frequency. This OPG now acts as a
noise background in the OPA XFROG experiment. This sets a limit on the gain available
in OPA XFROG. If the gating pump pulse is too intense, it results in a strong OPG in the
nonlinear crystal, which is generated from noise photons and is an unwanted background
for the OPA signal. Since, for very high gain, OPG can rival OPA in intensities, this could
result in distortion in the XFROG retrieved pulse. Thus, in our experiments, we have to
keep the pump power low enough to avoid distortions due to potential OPG background.
OPG also places a limit (a few photons per pulse) on how weak the unknown signal can be
and still be measured accurately.
4.5 Measuring ultrashort pulses trains of about 150 pho-
tons per pulse using OPA-XFROG
In order to test the limits of the OPA XFROG technique, we measured a train of attojoule
pulses (only a few hundred photons per pulse). The set-up for the experiment was similar
to the one described in the previous chapter. The white light continuum generated in a
2-mm thick sapphire plate was filtered and then attenuated with the help of neutral density
filters. Assuming that the ND filters were linear, the pulse train had pulses of energy of 50
attojoules (aJ) per pulse, at a kilo-hertz repetition rate. That corresponds to a pulse train
with about 150 photons per pulse at about 575 nm. The OPA process was induced in a
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Figure 26: OPA XFROG measurement of a 50 aJ attenuated and filtered continuum
generated using a sapphire plate.
2-mm thick BBO crystal.
Our OPA XFROG measurement of the 50 aJ pulse is shown in figure (26). The gain
here was about cosh(9) ' 4000. The OPA signal intensity in this trace was only ∼ 5 times
stronger than the OPG background measured on the CCD camera.
In this measurement, for an integration time of one second per delay step, the OPA
gain was high enough to saturate the CCD array and so the signal had to be attenuated
before entering the spectrometer. In practice, however, the gain should not be so high that
such attenuation is required, but allowing it to occur here provided an additional test of
the method.
As a result of the very high gain, the OPA XFROG trace showed large fluctuations in
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signal strength from one step to the next. This was due in part to variations in the gate-pulse
energy (generated in a χ2 process from the somewhat unstable output from a regenerative
amplifier) and from the inherent instability of a single pass OPA process with high gain.
Fortunately, the OPA XFROG retrieval algorithm sees through this artifact (which cannot
correspond to any real trace structure) and smoothes it out during the retrieval. The
retrieved pulse had a temporal intensity FWHM of 170 fs and a spectral FWHM of 5.165
nm, with a FROG error of 0.0146 on a 128 x 128 grid. The corresponding TBP was 0.731.
As can be seen from a comparison of the measured and retrieved XFROG traces, the
FROG error is very low considering how weak the signal pulse is. The OPA XFROG tech-
nique is very robust as it can faithfully measure pulses which have an intensity signal to noise
ratio of only about five. It can also measure extremely weak pulses. In fact, OPA XFROG
is currently the most sensitive ultrafast pulse measurement technique. This demonstration
does better than the Spectral Interferometry measurements mentioned in Chapter 3, since
those zeptoJoule(zJ) pulse measurements were performed with a Ti:Sapphire oscillator,
whose repetition rate was about 5 orders of magnitude higher than that of the regenerative
amplifier used in our aJ OPA XFROG measurement, so that the input power of our signal





Sections of this chapter originally appeared as a paper by the author :
X. Gu, S. Akturk, A. Shreenath, Q. Cao, and R. Trebino, “The measurement of ultra-
short light pulses - Simple devices, complex pulses,” Optical Review 11(3), 141-152 (2004).
[22]
5.1 Introduction: Phase Matching and Group Velocity Mis-
match
Optical parametric processes are second-order nonlinear processes involving the interaction
between three optical fields, the pump, signal and idler, with frequencies satisfying equa-
tion ωsignal = ωpump − ωidler, in a χ(2) nonlinear medium. Under suitable phase-matching
conditions, the generated signal and idler undergo huge amplification by draining the pump
field of its power as they propagate through the nonlinear crystal.
It can be seen from equation (24,25) that the magnitude of nonlinear gain depends on
several material parameters such as refractive index, nonlinear coefficient, crystal length,
signal and idler wavelengths as well as pump intensity at the input of the nonlinear crystal.
However, in deriving these equations, we made the assumption that the process was phase-
matched, so that we could set ∆k = 0 giving us conditions for maximum gain. It is now
time to examine this issue in detail and deal with its implications to the OPA XFROG
measurements.
The general functional dependence of gain on ∆k can be found in a number of reference
texts [6, 35]. In most practical situations, when pump depletion is negligible, the conversion
efficiency is low and the pump is constant. The conversion efficiency is found to depend on
the phase-matching bandwidth as
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Phase Matching angle for DFG using Type I BBO with a 390 nm
 pump
Figure 27: Phase Matching Angles are calculated for the nonlinearity of DFG with the
pump pulse at 390 nm. BBO is used in type I configuration for this calculation. The phase








The sinc2(∆kL/2) dependence in this formula describes the effects of unequal phase
velocities of the interacting waves. Of course this dependence of efficiency on sinc2(x) is
not restricted to DFG alone. If ∆kL/2 is not close to zero, the efficiency of the process
drops significantly. A plot of the relevant phase-matching angles and the resulting phase-
matching efficiency for OPA XFROG using a 390nm pump is given in figures (27) and (28)
respectively. It can be seen from figure (27), that a signal centered at about 615nm phase-
matches close to 29◦. At this angle, we can phase-match 5.7 nm of bandwidth at most, if
we use the 2mm BBO, in a Type I configuration, when the pump and seed are collinear.
However, if we change the phase-matching angle to 29.5◦, we now can phase-match almost
9nm around 660 nm. Similarly, if we change the phase-matching to 28.5◦ we phase-match
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Figure 28: Phase Matching Efficiency is calculated for a range of phase matching angles
ranging from 28.5◦ to 29.5◦, for the OPA XFROG process with the pump pulse at 390 nm.
a 4.2nm bandwidth about 583nm.
In our experiment, when we focus into the crystal to increase intensity, we in fact
improve the phase-matching bandwidth at each of the phase-matching angles. There are
several studies that indicate that focusing beams into nonlinear crystals show an almost
10-fold increase in phase-matching bandwidth [5, 2]. This allows us to consider using OPA
in a regime involving broad bandwidth femtosecond pulses.
In practice, we do not see such large bandwidth increases when we focus tightly into a





is very small for such a large bandwidth. Also, in addition to phase-velocity matching,
it now becomes necessary to consider the effect of group-velocities during the propagation
of these pulses.
The larger the bandwidth of the pulse to be measured, the larger will be the group-













Figure 29: (a) Schematic for a non-collinear geometry in OPA XROG; (b) Representation
of signal and pump pulses in case of a collinear set-up; (c) The same case as (b) in a
non-collinear set-up.
pulses. Defining the pulse-splitting length lsp [7] as the propagating distance after which






where τp is the length of the longer of the seed or the pump. GVM effects can be
neglected to a first approximation when the crystal lengths are shorter than lsp.
However, alternately, in such a situation, we see that an additional degree of freedom
can be introduced by switching from a collinear geometry in the set-up to a non-collinear
geometry [8, 37, 34, 26, 13, 11, 12, 10, ?]. This is shown in figure (29). Independent of
wavelength, the pump and seed pulses are made to cross at an angle α. If the resulting
angle between the pump and idler is referred to as β, then, the phase-matching condition
is now a vector equation, which can be decomposed into:
∆k‖ = kp − ks cos α− ki cos β = 0
∆k⊥ = ks sinα− ki sinβ = 0
(34)
.
The angle β is not fixed but depends on the seed wavelength. If the seed frequency
increases by ∆ω, the idler frequency correspondingly decreases by ∆ω. The wave vector
mismatch along the two direction can be approximated, to the first order, as
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∆k‖ ∼= − ∂ks∂ωs cos α ∆ω −
∂ki
∂ωi
cos β ∆ω + ki sinβ ∂β∂ωi ∆ω
∆k⊥ ∼= ∂ks∂ωs sinα ∆ω −
∂ki
∂ωi
sinβ ∆ω − ki cos β ∂β∂ωi ∆ω
(35)
.
Since to achieve broadband phase-matching, both ∆k‖ and ∆k⊥ must vanish individu-
ally, we get the following condition:
vgi = −vgs cos (α + β) (36)
.
Thus, broadband phase-matching and group-velocity matching can be simultaneously
achieved if the projection of the idler group velocity on to the seed direction equals the
group velocity of the seed. This effect is shown schematically in figure (29(b)) for the pump
and seed travelling collinearly at different group velocities which cause them to separate
quickly, resulting in pulse lengthening and bandwidth reduction. For the non-collinear case
in figure(29(c)), the two pulses stay overlapped effectively, although there is a (spatial)
walk-off of the seed with respect to the pump direction. Figure(30) shows the broadband
amplification achieved in a NOPA geometry as opposed to a collinear OPA set-up.
SNLO, a freeware available on the internet, by A. V. Smith allows for the calculations
of suitable crossing angles and phase-matching angles to minimize GVM, for wavelengths
of interest [36].
The conversion efficiency of the OPA XFROG process is affected by this beam “walk off”.
In birefringent media, the direction of propagation for an extraordinary wave is different in
general from that of the ordinary wave (i.e., energy propagation). Thus, the ordinary and
extraordinary beams of finite spot size do not overlap completely through the entire length
of the crystal. The extraordinary beam is said to “walk off” from the ordinary axis at an
angle ρ called the walk-off angle. In a uniaxial crystal such as BBO, this walk-off angle












2 Experimental results and discussion
The schematic of our experimental setup is shown in Fig. 4.
The laser source was Clark MXR Model CPA-1000Ti:sap-
phire regenerative-amplifier laser system. After frequency-
doubling in a0.5-mm-thick BBO crystal we obtained150-fs-
duration pulses with0.3-mJ energy at390 nm wavelength
at 1 kHz repetition rate. For OPG/OPA we used a2-mm-
thick BBO type-I crystal, cut atθ = 30◦ (Casix Ltd.). Fo-
cusing of the pump beam was by25-cm focal length lens.
To produce white light continuum, we diverted a small frac-
tion of the laser beam at the fundamental wavelength780 nm
and focused it into a5-mm-thick block of fused silica. The
continuum seed beam was collimated with a lens and then
directed intoBBO crystal at a variable delay with respect
to the pump beam. In collinear geometry, the seed was ap-
plied in the same direction as the pump. For noncollinear
geometry, the seed was applied at an angleα with respect
to the pump beam, such that inside the crystal the propa-
gation direction of the seed coincided either withθs or θi .
We measured the energy, the spectrum, and the duration of
the generated pulses by splitting the beams between an opti-
cal power meter, a grating spectrometer, and an autocorrela-
tor.
In the first experiment we studied parametric generation
by blocking the seed beam before theBBO crystal. In-
tense parametric waves were observed at the output of the
crystal in the form of two concentric conical beams, cen-
tered around the propagation direction of the pump. The
threshold of this noncollinear process was about15µJ per
pump pulse. At the same time, even at the highest pump
intensities up to the damage threshold of theBBO crys-
tal P ≈ 300 GW cm−2, we did not detect any collinear
Fig. 4. Experimental setup. SHG, second-harmonic generator (BBO crys-
tal); OPG/OPA, optical parametric generator/amplifier (BBO crystal); BS,
beam splitter; M, mirror; M1, dichroic mirror; SC, glass plate for con-
tinuum generation; L, lens; AC, autocorrelator; PM, optical power meter;
MC, grating monochromator
parametric generation. Figure 5a,b,c show a brightly col-
ored signal beam, projected onto a white screen behind
the crystal. By varying the phase-matching angleθp, the
center wavelength of the signal was tuned in the range
λs= 460–760 nm. The observed tuning range and the spec-
tral bandwidth of the signal wave were in good agreement
with our calculations. Maximum energy conversion effi-
ciency occurred atθp= 30◦–32◦. With the pump pulse energy
50µJ the integrated-over-the-entire-ring total energy of the
signal and idler pulse was about15µJ, resulting in max-
imum energy conversion efficiency (total into both beams)
30%.
The tuning range of the idler wave wasλi = 2.42µm–
802 nm. Unfortunately, because of poor infrared sensitivity
of our photographic film, we were not able to picture the
idler beam in Fig. 4. Instead, we observed the idler with an
infrared viewing camera, whose sensitivity dropped beyond
1.2µm. In the rangeλi = 1.2µm–802 nmthe idler beam had
a slightly larger cone angle than the signal, which is consis-
tent with (4).
Fig. 5a–f. Photographed images of parametric signal wave at the output
of the BBO crystal. a noncollinear spontaneous OPG at phase-matching
angleθp = 25◦; b θp = 29◦; c θp = 31, 7◦; d noncollinear OPA with con-
tinuum seed at angleθs= 32.2◦; e collinear OPA at phase-matching angle
θp = 25.5◦; f θp = 27.7◦
Figure 30: Photographed images of parametric signal wave at the output of a BBO
crystal [26]. (a-c) Non-colline r OPG at phase-matching angles of θ = 25◦, 29◦ and 31.7◦
respectively. (d) NOPA with continuum seed crossing at α ≈ 3.1◦ for θ = 29◦. (e,f)
Collinear OPA at θ = 25.5◦ and 27.7◦ respectively.
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Even for small walk-off angles, the loss in conversion efficiency can be significant. This
is because beams that do not spatially overlap cannot participate in the nonlinear process.
Since focused beams have decreased dimensions, they can become displaced from each other
over very short distances with the nonlinear crystal. So the crystal thickness and focusing
parameters are chosen to keep the walk-off to a minimum during the interaction. This may
limit the resulting gain as well as effective bandwidth that is phase-matched during OPA.
Thus, we see that if a suitable crossing angle α is chosen between the pump and seed,
it is possible to still match the group velocities of the various pulses in order to achieve
broadband phase-matching. This effect has been used to advantage by the OPA community
and commercially built NOPAs are now available.
5.2 NOPA XFROG: Experimental Results
The schematic for our NOPA XFROG experiment is as show in figure (23). In this exper-
iment, we chose to cross our pump and seed pulse from the white light continuum at an
angle of ∼ 6.5◦ (internal in the crystal), chosen in order to minimize GVM.
The pump pulse was generated as before by doubling the output from the regenerative
amplifier using a 1-mm thick Type I BBO crystal. The amplifier pulse was characterized
using a Swamp Optics GRENOUILLE and its E-field doubled to yield the pump “reference”
pulse. The conversion efficiency was deliberately kept low at 15%, in order to minimize OPG
effects. A harmonic separator was then used to separate out the fundamental pulse from
the second harmonic pulse.
The broadband white light continuum, our seed “unknown” pulse, was once again gen-
erated by a 2-mm thick sapphire plate, by focusing the harmonically separated 800 nm
fundamental beam tightly into the sapphire plate. The resulting white light was then
spectrally filtered using a combination of BG40 and OG515 colored glass filters to yield a
broadband spectrum about 60 nm centered around 575 nm. These pulses were generated
from multiple filament sources in the sapphire plate and hence had relatively poor spatial
coherence mimicking the behavior of the spatially incoherent fluorescence sources.
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Figure 31: Broadband white light measurement using NOPA XFROG. The low gain case
of a 500 pJ measurement agreed well with a high gain 50 fJ measurement of the same pulse.
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The energy per pulse in this case was measured to be 500 pJ. A NOPA XFROG mea-
surement was made for this pulse and the resulting gain was found to be ∼ 50. This case
was treated as a low gain measurement of the pulse. The pulse was then attenuated by
a factor of 104 using neutral density filters to yield 50 fJ of energy. The NOPA XFROG
trace of this much weaker pulse was measured once more, this time with a higher gain of ∼
1000. The intensity and phase from the two cases were compared to each other as seen in
figure(31). The comparison showed that the phases matched extremely well in both cases
showing that there was no distortion to the spectral phase during the OPA process. The
overall intensity shaped matched well in both cases as well. The structure seen within the
envelope of the pulses show similar behavior although they are not identical.
The Group Delay Mismatch (GDM) in the 2-mm thick crystal over the broad bandwidth
was minimized and calculated to be 100 fs over the nearly 60-nm spectral envelope FWHM
of a 860-fs long (temporal envelope FWHM) pulse. A thinner crystal would further reduce
the GDM, but at the same time a compromise would have to be made on the gain that can be
achieved. In this demonstration, we used a 2-mm thick Type I crystal to be able to measure
50 fJ weak broadband pulses. Geometrical smearing effects in both the longitudinal and
transverse directions were calculated to be 32-fs and 20-fs respectively for the non-collinear
geometry.
As an aside, it must be pointed out that the structure in the retrieved white light
continuum is real and is the nature of white light continuum generated by nonlinear optical
processes. This structure would not be observed in direct spectral measurements using
spectrometers for two reasons: The continuum generation process is extremely sensitive to
the intensity fluctuations from the amplifier used to generate the continuum. Since the
amplifier output is inherently not very stable, the continuum itself varies from shot-to-shot.
The time averaging performed over a multishot spectral measurement would wash this
structure out. If however, a single-shot measurement were to be performed, the structure
in the spectrum would still be unobserved. This is because the white light continuum from
the sapphire plate was collected from multiple filaments, in order to duplicate the spatial
behavior of broadband fluorescence. Spatial incoherence would thus wash out the spectral
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structure in a single shot measurement as well. Our OPA XFROG measurements retrieved
a typical spectrum of the broadband continuum.
This ability of the XFROG algorithm to retrieve spectral features which are not re-
vealed by independent spectral measurements has been demonstrated in other broadband
continuum measurements of spatially coherent broadband white light [24, 22]. In those
cases, single shot spectral measurements revealed that the XFROG retrieved structure was
indeed real and that the algorithm was robust. In addition, numerical simulations of broad-
band continua also indicate that the high order nonlinear processes involved in white light
generation cause the spectra to be highly structured [21, 18].
5.3 Theoretical simulations of (N)OPA XFROG
Additional work has been performed in modelling OPA XFROG and its cousin DFG
XFROG in order to better understand the thin line between achieving maximum accu-
racy and maximum efficiency in our measurements. Specifically, we need to minimize the
group-delay mismatch (GDM) in the crystal between the two (or three) pulses involved in
order to minimize geometrical smearing of the temporal features of the pulse to be mea-
sured, in order to make accurate measurements. On the other hand, for the process to be
extremely efficient we would have to maximize the gain in the OPA or DFG crystal.
The theoretical simulations were performed by matching the group velocities of the three
pulses for typical gains matching experimental conditions. They showed that matching
group velocity yielded excellent accuracy with large bandwidths even in the presence of
high gains. These simulations looked at the effect of crossing angle α on the OPA XFROG
retrieval. As expected for collinear geometry, the retrieved bandwidth was very narrow, ∼
15 nm. Similarly for very large crossing angles > 8◦ the retrieved bandwidth was again
very narrow. Thus, choosing the right crossing angle is imperative in mitigating the effects
of beam walk-off.
The simulations also studied the effect of crystal thickness on the retrievals. Thicker
crystals required low pump energies in order to avoid pump depletion resulting in lower
gains. The distortions caused by GVD for thick crystals could not be neglected. For thin
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Figure 32: DFG XFROG Trace of a theoretically simulated pulse and its retrieval using a
2-mm thick Type I BBO crystal, with a FROG error of 0.00059. The blue and red colored
lines are the theoretical pulses and their corresponding retrievals. The solid lines refer to
intensities and the dashed lines, the phases.
crystals, while the distortions from GVD were small, a high pump was required to see
significant gains. In all these cases, surprisingly, the spectral phase was always accurately
retrieved.
Finally the theoretical simulations looked at one feature of the experiment that was ne-
glected. We claimed that OPA and DFG XFROG processes were similar, so that measuring
either of the two signals by spectrally resolving them would yield the unknown pulse by
using the correct algorithm. Theoretical simulations simulations of the broadband pulse
using a NOPA XFROG geometry confirmed that this was exactly true.
These theoretical simulations were modelled by my colleague Ms. Xuan Liu and the
plot in figure(32) was provided by her.
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5.4 Conclusion
In the last two chapters, we discussed a new FROG technique that we developed, called OPA
XFROG, which, along with its cousin DFG XFROG, is the most sensitive ultrashort-light-
pulse-measurement technique now available. Unlike interferometric methods, it does not
carry prohibitively restrictive requirements, such as perfect mode-matching, perfect spatial
coherence, highly stable absolute phase, and an overlapping-spectrum reference pulse. We
have shown that, while care must be taken to avoid GVM effects in such measurements
for fs pulses, this problem can be solved by using appropriate broadband crossed-beam
geometries. This makes OPA and DFG XFROG powerful tools for measuring non-laser
ultrashort light pulses.
We demonstrated that OPA XFROG can measure the intensity and phase vs. time of
pulses with only a few attojoules of energy per pulse and with pulse widths on the order
of 250 fs and narrow spectra; we have also shown that much broader-band pulses of 850
fs with better than 60 nm of bandwidth can also be measured accurately. Increasing the
pump power increases the gain in the process but also increases the background OPG which
might make the measurement impractical. Crystal thicknesses have to be chosen carefully
in order to minimize distortions due to GVD. It is also necessary to choose the crossing
angle between the pump and seed in order to minimize the distortions. DFG XFROG has
the same sensitivity and should be ideal for measuring light pulses in the infrared.
With this technique, it should now be possible to use OPA XFROG to measure ultraweak




In this thesis, I studied several schemes to solve the problem of measuring ultraweak arbi-
trary ultrashort pulses.
In Chapter 2, I demonstrated an alternate scheme to SHG FROG by replacing the beam-
splitter with an etalon in order to remove the direction-of-time ambiguity that is present
in SHG FROG retrievals. This new variation of FROG is called POLKADOT FROG. A
slight variation of POLKADOT FROG, where instead of the beam-splitter, the etalon is
placed in the beam path before the pulse enters the FROG device which allows the device
to be calibrated easily and painlessly.
The first technique that I looked into for solving the problem of weak pulse measurement,
Spectral Interferometry, has been in existence for about 10 years now [19]. As discussed
in Chapter 3, in order to make this technique more user-friendly, I demonstrated a scheme
that would make it alignment-free. I was able to show that by replacing the slit of the
spectrometer by a pin-hole the size of about the order of the wavelength used, it is possi-
ble to grossly mis-align the SI experiment by as much as 32◦ and still make an accurate
measurement of the pulses. I was able to demonstrate that long broadband pulses could be
retrieved using this alignment-free scheme, subject to the spectral resolution of the spec-
trometer. Replacing the conventional spectrometer by a fiber spectrometer suggested that
the SI experiment could itself be done using fiber-couplers. The fiber-core would act as
the pinhole to couple the light in. Using a 2 × 2 coupler would allow the implementation
of an alignment-free Differential Spectral Interferometer, wherein I could measure the in-
terferometric spectrum and it’s π-shifted spectrum. This would allow the DC background
to be removed from the measurement, while doubling the signal of interest. I have imple-
mented this scheme in conjunction with a Fourier-transform based retrieval algorithm. In
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addition I have explored and demonstrated the feasibility of using Dual Quadrature Spec-
tral Interferometry, a less computationally intensive but equally robust algorithm to speed
up the inversion. This advancement should prove to be a great boon to the pulse-shaping
community which requires easy experimental set-up and immediate feed-back. In addition
because the technique results in a signal at only the true delay in the time domain, this
opens up the entire temporal range or alternately the full use of the spectral resolution of
the spectrometer. This allows for measurement of pulses twice as long as those measured
using Fourier Transform based TADPOLE techniques.
I explored Spectral Interferometry for measuring general ultrashort pulses. In particular,
I used ultrashort fluorescence as a model for my arbitrary weak light source. Coherence
constraints in the nature of the light source as well as the nature of the broadband continuum
generated in microstructure fibers, which I intended to use as my reference pulse made me
abandon spectral interferometry as a suitable general technique for such measurements.
The pulse energies of these generalized light sources was the main reason that FROG or
other typical pulse measurement techniques could not be applied to measure such pulses.
Difference Frequency Generation(DFG) is the only (second order) nonlinearity which pro-
duces large - exponential gains during the interaction of three pulses in a nonlinear crystal.
Optical Parametric Amplification (OPA) is a process that occurs simultaneously with DFG,
and shows similar magnitude of gains. I developed the technique of OPA XFROG to mea-
sure extremely weak pulses. In Chapter 4, I demonstrated the reliability of the technique by
comparing OPA XFROG measurements of a fairly weak 250 fs long pulse around 600 nm,
with the well-established technique of Sum Frequency Generation (SFG) XFROG. Already
in the demonstration, OPA XFROG was able to do three orders of magnitude better than
the SFG XFROG measurement, in measuring a pulse that was a 1000 times weaker. I then
went on to demonstrate the measurement of a pulse of about 150 aJ using the OPA XFROG
technique. At this point, I ran into limitations due to the presence of super-fluorescence
background which rivalled the signal I was trying to measure. The intensity signal-to-noise
in this measurement was a factor of 5 on the CCD camera. However this attojoule pulse
had experienced a gain of about 5000 during the OPA process, which made it necessary to
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attenuate my signal before it entered the spectrometer before it was spectrally resolved.
In Chapter 5, I studied another aspect of the problem of measuring ultraweak fluorescence-
like pulses. Even though these pulses are about the order of 1-2 picoseconds, these pulses
have very large bandwidths. In order to be able to measure such pulses not only would
I need to amplify them, but I would also need to phase-match such large bandwidths si-
multaneously. I showed that by going to a non-collinear geometry, a NOPA XFROG, it
was possible to phase-match large bandwidths, in excess of 100 nm. In the experimental
demonstration, I imposed a limit on the bandwidth to ∼ 60 nm with the use of two neutral
density filters and made a measurement of such broadband pulses. I briefly discussed the
effect of Group Velocity Mismatch on such a measurement. Further theoretical work on
this problem has been done by my colleague, Ms. Xuan Liu, to make sure that the NOPA
XFROG does indeed retrieve the phase of the pulse accurately.
Based on these theoretical considerations and my experimental work, NOPA XFROG
appears to be an ideal choice for measuring broadband ultraweak ultrashort pulses. I look
forward to the technique being used to make such measurements and opening up new vistas
of knowledge in the future.
67
APPENDIX A
DERIVATION OF THE 50 % REQUIREMENT FOR THE
FIRST SURFACE OF THE ETALON IN POLKADOT
FROG
This appendix originally appeared as an appendix in the paper by the author :
E. Zeek, A. P. Shreenath, P. O’Shea, M. Kimmel, and R. Trebino, “Simultaneous auto-
matic calibration and direction-of-time removal frequency-resolved optical gating,” Applied
Physics B-Lasers and Optics 74, S265-S271 (2002). [45]
In Chapter 2, we have used the fact that only the first surface of the etalon needs to
have s 50% reflectivity. It is not obvious that only the first surface is restricted and that the
second surface is unrestricted. To perform a FROG measurement the two pulses must have
identical shapes, but they can differ by a multiplicative factor without adversely affecting
the measurement. Given the schematic in figure(33), the following equations can be written
for the two pulse trains:
ZEEK et al. Simultaneous automatic calibration and direction-of-time removal in frequency-resolved optical gating
FIGURE 10 Etalon Schematic. This is an exaggerated diagram of an etalon.
The input beam, I0, bounces between the two partially surfaces. Each round
trip creates an attenuated, delayed replica of the input pulse
where Ti and Ri are the transmissions and reflectivities, re-
spectively, of the first and second surfaces, I0 is the input
intensity, and I1 and I2 are the transmitted intensities. We have
not explicitly shown the delay factor in these equations; each
element in the sum represents a pulse separated by τsep from

























The R1 and T1T2 terms are unimportant for our purposes (they
represent multiplicative factors). This means that, for both





















= R1 R2 . (10)
This yields the following condition:
T1 = R1. (11)
The only parameters remaining pertain to the first surface. For
a loss-less interface, T = 1 − R, simplifying (11) to




Therefore, if the first surface has a reflectivity of 50%, both
pulse trains are identical.
NOTE ADDED IN PROOF During the course of this work
we discovered a new ambiguity in SHG FROG. The following two pulses
have the same SHG FROG trace: train of well separated pulses that poten-
tially differ in peak intensity (e.g. a pulse train created by an etalon) and the
same pulse train, but in which each individual pulse is reversed in time. This
ambiguity is potentially inconvenient for the POLKADOT technique, but,
fortunately, it is easy to remove. As long as there is some overlap between
pulses in the train, we find that the SHG FROG traces of the above two pulse
trains differ, removing the ambiguity. For instance the pulse in Fig. 8 has suf-
ficient overlap. Indeed, it is difficult to avoid some overlap between pulses,
so this ambiguity is unlikely to cause problems in POLKADOT FROG.
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where Ti and Ri are the transmission and reflectivities, respectively, of the first and
second surfaces, I0 is the input intensity, and I1 and I2 are the transmitted intensities.
We have not explicitly shown the delay factor in these equations; each element in the sum
























The R1 and T1T2 terms are unimportant for our purposes (They represent multiplicative























This yields the following condition:
T1 = R1 (42)
.
The only parameters remaining pertain to the first surface. For a lossless interface, ,






Therefore, if the first surface has a reflectivity of 50%, both pulses trains are identical.
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